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Abstract 
This thesis describes the use of heterobimetallic alkyne complexes in asymmetric organic 
synthetic pathways. Unlike previous protocols in the literature, the source of chiral 
control is due to the inherent chirality of the heterobimetallic core and not from an 
external source. 
A new method for the preparation of Co(C0)3MoCp(C0)2-alkyne complexes has been 
addressed with a view to a more rapid and cleaner preparation of these complexes, 
adapting previously known literature methodology. Preparation of diastereomerically 
enriched alcoho 1 complexes has also been attempted. 
The inherently chiral heterobimetallic alkyne complexes and desymmeterised 
Co2(C0)7(PPh1) alkyne .. complexes have been used as chiral auxiliaries for nucleophilic 
additions to propargylic aldehydes to form secondary propargyl alcohols. 
Heterobimetallic complexes have also been used for nucleophilic additions to propargylic 
cations prepared from secondary propargyl alcohols and electrophilic additions to 
propargylic ketones via the creation of an enolate. 
The diastereoselective complexation of Co2(C0)7(PPh3) with a range of chiral alkynols 
has been demonstrated along with subsequent endeavour to produce a catalytic 
stereoselective Pauson-Khand reaction. Initial studies have been undertaken to investigate 
the mechanism of the Pauson-Khand reaction. 
Chapter 1: An overview of the Pauson-Khand reaction and Nicholas reaction and 
developments in this field. 
Chapter 2: Highlights our research into the use of heterobimetallic complexes m 
asymmetric organic synthesis. 
Chapter 3: Provides experimental data for our studies. 
Keywords: 
Cobalt, Molybdenum, Heterobimetallic, Pauson-Khand, Nicholas, alkyne 
Heterobimetallic Alkyne Complexes and their use in Asymmetric Synthesis 
1.0 Introduction 
1.1 The Pauson-Khand Reaction 
1.1.1 Reaction Discovery 
1.1.2 Reaction Mechanism 
1.1.3 Scope and Limitations 
1.1.4 Regiochemical control 
1.1.5 Intramolecular reactions 
Contents 
1.2 Pauson-Khand reaction promoters 
1.2.1 Dry state adsorption conditions 
1.2.2 Tertiary amine-N-oxides 
1.2.3 Amines / 
1.2.4 Sulfides and sulfoxides 
1.2.5 Other methodology 
1.3 Catalytic Pauson-Khand reactions 
1.3.1 Initial attempts 
1.3.2 Additives 
1.3.3 In situ generation of cobalt (0) species 
1.3.4 Cobalt clusters 
1.3.5 Supercritical fluids 
1.3.6 Heterogeneous catalysts 
1.3. 7 Aldehydes as a source of carbon monoxide 
1.3.8 Pauson-Khand reactions involving polymer supports 
1.4 Asymmetric Pauson-Khand reactions 
1.4.1 Chiral auxiliaries 
1.4.2 Chiral complex approach 
1.4.3 Chiral promoter 
1.5 Nicholas reaction 
1.5 .1 Reaction discovery 
1.5.2 Generation and properties ofpropargylic carbocation complexes 
iii 
1 
1 
2 
4 
6 
11 
18 
18 
20 
23 
24 
26 
27 
27 
28 
31 
33 
35 
36 
39 
40 
43 
43 
52 
58 
60 
60 
61 
Heterobimetallic Alkyne Complexes and their use in Asymmetric Synthesis iv 
1.5.3 Coupling to carbon centred nucleophiles 
1.5.4 Coupling to hetero-atom centred nucleophiles 
1.5.5 Applications 
2.0 Results and discussion 
62 
67 
67 
71 
71 
73 
76 
80 
2.1 Heterobimetallic alkyne methodology 
2.1.1 Development of adapted Gladysz methodology 
2.1.2 Preparation of stereoenriched Co/Mo-alkyne complexes 
2.1.3 Generation of Co/W -alkyne complexes 
2.2 Uses of inherently chiral complexes as chiral auxiliaries 82 
2.2.1 Nucleophilic addition to desymmeterised metal-alkyne propargylic aldehyde 83 
2.2.2 Nucleophilic addition to metal stabilised propargylic carbocations 92 
2.2.3 Electrophilic addition to Co/Mo-propargyl ketones 107 
2.3 Diastereoselective cpmplexations and catalytic Pauson-Khand reactions 114 
2.3.1 Formation ofCoz(C0)7(PPh3) and complexation to chiral alkynols 114 
2.3.2 Catalytic diastereoselective intermolecular Pauson-Khand reaction 120 
2.4 Pauson-Khand reaction mechanism studies 124 
c 
2.5 Conclusion 135 
2.6 Future plans 140 
3.0 Experimental section 142 
3.1 General Information 142 
3.2 Experimental 145 
4.0 References 240 
5.0 Appendices 
X-Ray crystallographic data for Co(C0)3MoCp(C0)2-but-2-yn-1-al 
X-Ray crystallographic data for Co2(C0)5(PPh3)-but-2-yn-1-al 
X-Ray crystallographic data for Co2(C0)5(PPh3)-1-phenyl-but-2-yn-1-ol 
13C Spectra of 4-(1-hydroxy-ethyl)tricyclo[5.2.1.0)deca-4,8-dien-3-one ~ 
Heterobimetallic Alkyne Complexes and their use in Asymmetric Synthesis V 
Abbreviations 
Ac = acetyl 
acac = acetylacetonate 
approx = approximately 
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Ar = aryl 
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BNO = brucine-N-oxide 
b.p. = boiling point 
Bu = but)' I 
n-Bu = normal butyl 
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oc = degrees Celsius 
Cp = cyclopentadienyl 
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b. = heat 
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DCM = dichloromethane 
dd = doublet of doublets 
d. e. = diastereomeric excess 
Heterobimetallic Alkyne Complexes and their use in Asymmetric Synthesis vi 
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DIBAL = diisobutylaluminium hydride 
DME = dimethoxyethane 
DMS = dimethyl sulfide 
DMSO = dimethyl sulfoxide 
DSAC = dry state adsorption conditions 
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EHMO = Extended Hiickels Molecular Orbitals 
El = electron ionisation 
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EWG electron withdrawing group 
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M = molar 
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Mol Sieve = 4A molecular sieve 
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NMR = nuclear magnetic resonance 
Nu (nuc) = nucleophile 
Ph = phenyl 
PK = Pauson-Khand 
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Pr = pr9pyl 
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s = singlet 
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TLC = thin layer chromatography 
TMANO = trimethyl amine-N-oxide 
TMS = trimethylsilyl 
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1.0 Introduction 
The preparation and use of bimetallic-alkyne complexes has seen an increase in interest 
in recent years due to an enlargement in knowledge of their practicality in the synthesis 
of intricate compounds. The most well known bimetallic complexes are those bearing a· 
dicobalt hexacarbonyl moiety. Initially the complexes, known since the 1950's,1 were 
used as a protecting group for the alkyne functionality against reduction processes. 2 The 
two main areas where these complexes have received most interest are the Nicholas 
reaction, 3 where a propargylic carbocation is stabilised by the metal centres, and the 
Pauson-Khand reaction used for the synthesis of cyclopentenone ring structures.4•-h 
1.1 The Pauson-Khand Reaction 
/ 
1.1.1 Reaction Discovery 
The synthesis of cyclopentenones discovered by Pauson, Khand and eo-workers in the 
early 1970's is now a key synthetic route among transition metal promoted cycloaddition 
reactions.4'' 5 The reaction was 'discovered during investigation into the preparation and 
characterisation of various dicobalt alkyne and alkene complexes. It was discovered that 
under thermal conditions, cyclopentenones could be formed albeit in low to moderate 
yield, Scheme 1. 
0 0 
• 
R' R' R 
~ ~ R11- -==-R2 
Co,(C0)8 
R' 
..,,,,/R4 
R' 
(where R1 is larger than R2) 
Scheme 1 
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1.1.2 Reaction Mechanism 
Magnus6 was the first to propose a full mechanism, and although many attempts have 
been made to clarify the reaction pathway, based on regio- and stereochemical 
observations of the products formed, the true mechanism still remains unproven. Pauson 
himself did make some early proposals towards a reaction mechanism, based upon 
various general observations. Firstly, the larger of the two alkyne substituents ends up a 
to the newly formed carbonyl.7 Secondly, the exo-cycloadduct was always the major 
product and in some cases was formed exclusively.4' These observations led him to 
assume that the acetylene and olefin join at the less hindered position of each and that the 
carbonyl group was added at a subsequent step. Today, it is generally accepted that the 
reaction proceeds by the pathway proposed by Magnus, Scheme 2. 
/ 
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The Pauson-Khand reaction in its simplest form is a [2+2+1) cycloaddition between an 
alkyne, an alkene and carbon monoxide. The first step is the reversible loss of a CO 
ligand (A--+B), which is also thought to be the rate-determining step, Scheme 2. The 
alkene can then bind to the unsaturated metal centre (B--+C). Alkene insertion into the 
cobalt-carbon bond to form a cobaltacycle (C--+D) is followed by carbon monoxide 
insertion into this cobaltacycle (D--+E). Two reductive-elimination steps occur to form 
the desired cyclopentenone and a cobalt metal residue (E--+F--+G). 
The Magnus mechanism has not been proven since no intermediates have been isolated. 
At a much later date, Krafft8 managed to interrupt the reaction pathway by allowing 
oxygen into the reaction vessel. The oxygen was incorporated to give a monocyclic 
product, and thus prevented the carbon monoxide insertion and cyclization to form the 
second ring. Krafft the{efore proposed that both the normal and interrupted Pauson-
Khand reaction pathways go through a common metallacycle intermediate, Scheme 3. 
1 
heat or 
amine N-oxides 
expected 
prcx:tuct 
o, 
Scheme3 
n·Bu 
0 
2 
0 
3 
unexpected 
prcxluct 
Gimbert has attempted to prove the proposed mechanism by utilising electrospray 
ionisation coupled to tandem mass spectrometry.9 The dicobalt hexacarbonyl 
phenylacetylene complex bearing the symmetrical his( diphenylphosphino )methane ligand 
was prepared as it was thought that this would be well suited for the study, Figure 1. 
From the spectral data obtained, the authors proposed that the Pauson-Khand reaction 
proceeds in the order of loss of carbon monoxide, olefin co-ordination then olefin 
insertion, all of which is in agreement with the mechanism proposed by Magnus. 
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Figure 1 
1.1.3 Scope and Limitations 
The Pauson-Khand reaction ts a very useful route for the synthetic preparation of 
cyclopentenones. A feature of the reaction is the regioselective formation, with respect to 
the alkyne, of three carbon-carbon bonds. Many functional groups are tolerated and as 
will be discussed later, the reaction can be made stereoselective as well as catalytic. The 
reaction itself is ,genelaJly easy to carry out practically using common laboratory 
equipment and reagents, apart from in the few instances where more extreme or sensitive 
conditions are required. 
It is generally accepted that terminal alkynes react more efficiently than internal alkynes, 
most probably due to steric int~ractions. Strained cyclic alkenes react much faster than 
simple alkenes, whilst more substituted alkenes react more slowly, if at all. Krafft8 has 
shown that the Pauson-Khand reaction can be interrupted. Pauson reported the formation 
of by-products when unstrained alkenes bearing electron withdrawing groups were used 
which gave rise to 1 ,3-dienes being formed. 10 Pauson postulated that there is a common 
intermediate that can either undergo carbon monoxide insertion to . give the desired 
cyclopentenone or a competing hydrogen migration that gives a 1,3-diene, Scheme 4. 
Styrene however exhibits an intermediate behaviour producing both cyclopentenones and 
diene products. 11 The authors were unsure why styrene exhibits this behaviour. 
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Alkynes bearing electron-withdrawing groups were also thought of as being poor 
substrates for the Pauson-Khand reaction. However, Krafft12 found that the cycloaddition 
/ 
will proceed if carried out in the presence of amine-N-oxides. It is believed that alkyne 
polarisation is responsible for the preference of the formation of the 1,4-dicarbonyl rather 
than the analogous I ,3-dicarbonyl. Cycloaddition can occur by formation of the carbon-
carbon bond a to the electron-withdrawing group to give l:netallacycle A, Scheme 5, 
which leads to the expected pro,duct, or j3 to give metallacycle B, which will give rise to 
the I ,3-dicarbonyl. 
0 
R 
R' R 
------
A 
~~~: ----------~ 
R1 Co Co ........... o~\ / co 
CO, Et 
CO OC 
R 
B 
Scheme 5 
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1.1.4 Regiochemical control 
The formation of the metallacycle in the proposed reaction pathway is believed to be 
irreversible and it is in this step in which the regio- and stereochemistry of the product are 
determined. The main controlling factor is the minimisation of the steric interactions. The 
regioselectivity with respect to the alkyne is decided by the substituents on the alkyne 
moiety.4' The incoming alkene will insert itself into the Co-C bond attached to the 
smaller substituent on the alkyne which results in the larger substituent being found a. to 
the newly formed carbonyl functionality. It has also been suggested that electronic effects 
may play a part in the regioselectivity of the alkyne, 13 where substituents of similar size 
but differing electronic properties are present on the alkyne. 
The difference in electn~riic properties of the substituents present on the alkyne will lead 
to a build up of electron density on one of the acetylenic carbons. This will feed, via the 
metal atoms, to the strongly 1t-accepting carbonylligands and will strengthen the Co-CO 
bonds. However, this extra electron density will not be dispersed equally among the six 
CO ligands. The pseudoequatorial trans positioned carbonylligands (with respect to C3) 
will be the most receptive to back donation making the pseudoequatorial cis-positioned 
carbonylligands the most labile, Figure 2. G: trans pseud~uatorlal ~ /most labile 
00lr ~~ cis:~::~Juatorial oc:\ .. fo 8- B 
Co \ pos1tlon C 
most labile B 8' . 
- CA c"'-'uiiiCO 
C S pseudoaxial A J "-
!'. c. ~ posmon oc CO 
cis and transpositions are defined with respect to the substituent 8 
Figure 2 
The incoming olefin will then occupy this vacant orbital and if the reaction proceeds 
following the earlier proposed reaction pathway, group A will end up in the a. position to 
the new carbonyl. This effect can be seen in the following example, ethyl propiolate 
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under normal PK conditions gives the expected regioisomer whereas ethyl butynoate 
gives the corresponding cycloadduct with the larger substituent in the (3-position to the 
new carbonyl group, Scheme 6. This proposed polarization effect is supported by a study 
of 13C-NMR chemical shifts ofacetylenic carbons coordinated to cobalt.14 
Hl--===--ol ( tb Co,(C0)8 OEt 
OEt 
H 4 5 
( tb CH3 Co,(C0)8 
OEt OEt 
H,c:--====----4 
/ 
H 
0 
• 7 
Scheme 6 
Schore15 was one of the first to attempt to find the controlling factors for olefin insertion. 
Using a symmetrical cyclic strained alkene, 8-oxabicyclo[3.2.1]oct-6-ene 9, gave the 
expected exo-product 10, although initial attempts generally returned starting materials. 
Switching to an unsymmetrical enone 11 led to a 3: I ratio of regioisomers albeit in low 
yield, Scheme 7. It was found that the predominant isomer 12a had the substituted side of 
the bicycle, (3 to the newly formed carbonyl. It was proposed that this isomer dominated 
due to the minimisation of 1,3-pseudodiaxial interactions during the transition states. 
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0 
CO OC 
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8 11 
"' 
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/ 
The regiochemistry seen with unsymmetrical acyclic alkenes gives the opposite isomer 
to the previous example, and places the most bulky substituent a to the carbonyl 
moiety. 16 The transition states illustrates how this arises, Scheme 8. 
Where R Is 
larger than R1 
oq 0 \ CO oc,c~~ 
' 
[ - R 
R 1 Conformer B ~ (Oisfavoured) 
SchemeS 
R 
R' 
R 
Depending upon the size of the substituents present on the alkene and the least hindered 
alkyne carbon, there could be a preference for conformer A over conformer B, where the 
substituted end of the alkene is placed pointing towards a carbonyl ligand, minimising 
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any steric interaction with the alkyne substituent and placing the bulky olefinic R group a 
to the carbonyl moiety. 
Krafft believed that if a heteroatom was tethered to the olefin by a carbon chain, the 
heteroatom could co-ordinate to the cobalt and control the regiochemistry.17 
Disappointingly, oxygenated moieties gave no regiocontrol and led to 1:1 mixtures of 
isomers. Sulfur and nitrogen were excellent and gave ratios in the region of 20: 1. 
However, the chain length was found to be very specific with homoallylic ligands giving 
the best results, Scheme 9. 
L=N,S,O 
L 
s- Me H Ph (OC),~o{CO), • Ph • 81% 
Me 
0 
Ph 
13 14 
'" 
1Sb 
18 
y -\6--H Ph (OC),~o(CO), • Ph • 77% 0 Ph 
Me,N 
13 16 17a 17b 
20 
Scheme 9 
In a similar manner to the alkyne, there is believed to be a polarisation present in the 
alkene. Schore18 reported that functionality present in cyclic alkenes will cause the two 
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ends of the double bond to become polarised and that it is the more 8+ end of the double 
bond that will bond to the carbon rather than the cobalt. This observation has been backed 
up by theoretical and experimental observations of Tam.19 C6 substituents of Cz 
functionalised norbornenes are always more negative than C5• The cobalt is 8+ making 
the carbon end of the Co-C bond 8·. Consequently, during the reaction, the two 
components will align with the most electronically favoured arrangement. This results in 
the major product with the Cz substituents of norbornene on the same side as the carbonyl 
group. This was confirmed experimentally, although the regioselectivities achieved were 
only moderate, Scheme 10. 
Ph-\\;z:h (OC),C~ 
0 
Ph 
Scheme 10 
-
-
0 
M .. a- iscmer 
Ph 
0 
20b Minor isomer 
Halogen substituents present on the double bond of7-oxa and 7-azanorbornenes can help 
to control the regiochemistr/0 via halogen directed attack of the alkyne. The halogen is 
then lost in a later step by reductive dehalogenation. The halogen present on Cs gave 
complete regiocontrol, with the halogen on C6 also giving complete regiocontrol but for 
the opposite isomer to that obtained with the Cs substituted position. 
The Pauson-Khand reaction is very selective in the formation of the exo fused ring 
systems. However, Moyano reported one of the first instances in which the en do adduct is 
the major product formed.Z 1' Heterobimetallic Co/Mo-alkyne complexes of 2-alkynoate 
derivatives, upon cyclization, led to the formation of the endo adduct in a totally 
regioselective fashion. The authors propose that it is the presence of the oxazolidinone 
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moiety which forces the cyclopentadienyl ring on the molybdenum into an equatorial 
position increasing steric interactions with the incoming norbornadiene, Figure 3-A. This 
in turn forces the incoming olefin to approach from the endo face to lower these steric 
interactions, Figure 3-B. This effect has also been seen with the analogous Co-W 
bimetallic-alkyne complexes.2lb 
B 
/ Figure 3 
1.1.5 Intramolecular reactions 
One of the most important developments of the Pauson-Khand reaction was when the 
alkyne and alkene were tethered together to allow the formation of bicyclic ring systems 
via an intramolecular reaction.22 In the first case, attempts to cyclise ro-acetylenic vinyl 
esters and ethers were made.22" Unfortunately, under the conditions used, the authors 
were unable to isolate any products. Subsequent to this, Schore managed to isolate 
bicyclooctenones and bicyclononenones, albeit in moderate yield.22b 
Magnus reported one of · the first stereoselective intramolecular syntheses of 
bicyclo[3.3.0]enones.Z3 Magnus recognised that Thorpe-Ingold24 effects were influential 
in the reaction. Alkyl substituents on a central methylene carbon results in the internal 
angle being reduced which causes the two groups at the end of the system to be brought 
closer together. It is known that this causes acceleration in cyclization. As a result, 
enynes bearing substituents at C4 in the tether of the enyne were used. However, at this 
early stage, the authors were unsure of the effects controlling the stereochemistry. 
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In an ensuing report, Magnus has explained some of the stereocontrolling factors of the 
intramolecular reaction6• but Mukai and Hanaoka have recently given a much clearer 
explanation of the Magnus results?5 Two factors are involved. Firstly, a I ,3 
pseudodiaxial interaction can take place involving the terminal group of the acetylene and 
a substituent in the propargylic position. Greater selectivity is achieved if a bulkier 
substituent is found in the terminal position of the alkyne. There are two possible cobalt-
metallacycles that can be formed from the corresponding dicobalt hexacarbonyl 
complexed enyne, Scheme 11. It is the formation of this cobaltacycle that will determine 
the stereochemistry of the product. In cobaltacycle B, the alkoxy moiety at the 
propargylic position interacts with the terminal group R2 of the alkyne in a 1,3-
pseudodiaxial interaction in the concave face of the skeleton. In cobaltacycle A, this 
interaction does not exist, as the two substituents are trans to each other. Consequently, 
cobaltacycle A is the pJeferred route. Thus, if the bulkiness of both or either of the 
substituents is increased it will lead to better stereoselectivity in the product. 
Scheme 11 
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The interaction between the acetylenic terminal group and the allylic position also affects 
the stereochemistry. In cobaltacycle C, the alkoxy functionality has a cis relationship 
with the neighbouring ring-junction hydrogen as well as a trans configuration with the 
acetylenic terminal substituent, Scheme 12. However, in cobaltacycle D, the alkoxy is 
now positioned in the concave face, which leads to an adverse cis-1 ,2-interaction with the 
meta!lacycle (interaction a) as well as a 1,4-pseudo-nonbonding interaction (interaction 
b), again with the terminal group. Consequently, the less hindered cobaltacycle C is the 
favoured pathway. Magnus states that the cobaltacycles A and C lead to the more 
thermodynamically stable products as the propargylic and allylic substituents are on the 
exo-face. However, Mukai and Hanaoka found that it was the smaller substituents at the 
allylic position that led to the better selectivities being obtained.25 From Magnus' models, 
he also predicted that substituents between the allylic and propargylic positions would not 
have any control on the}tereochemical outcome. The only involvement these will have is 
increasing the rate and yield of the reactions. 
TMS 
c D 
Scheme 12 
Moyano and Pericas have been active in developing a way of synthesising 
bicyclo[3.3.0]octenone systems asymmetrically?6• The authors carried out the cyclization 
with 2-phenylcyclohexanol as an alkoxy moiety present on the olefin to act as a chiral 
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auxiliary. The desired bicyclic system was obtained in good yield and with a minimum 
level of 7: 1 stereoinduction. The authors took this idea further and managed to synthesise 
a range of bicyclo[4.3.0]nonenone systems.26b It is known that cyclohexenes do not 
readily undergo intermolecular Pauson-Khand reactions, however, there have been 
limited reports of the synthesis of these bicyclic systems by intramolecular methods. 
Again, good yields were achieved but stereo induction was improved to I 0: I. The 
controlling effect of the chiral auxiliary in both reported cases can be seen in Scheme 13. 
The phenyl group of the chiral auxiliary, which shields one side of the olefin, causes the 
dicobalt cluster to attack the other face. 
H ~Ph~ 
H 
R:--==:=-_/ 
21 (R=H) 
22 (R = CH3) 
/ 
C<>z(C0)6, isoo::tane 
1.5h, rt 
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~ ...... c"__, 
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The synthesis of these bicyclic compounds is very important as they form the skeletons of 
many natural products. Billington reported the synthesis of 3-oxabicyclo[3.3.0]octenones, 
which are not easily available by more common methods. 27• However, the yields " 
obtained were rather disappointing. Mukai and Hanaoka" also synthesised these 
bicyclooctenones diastereoselectively using thermal and amine-N-oxide promoted 
conditions to give .the desired products in yields of 59-93% and selectivities from 1:1 to 
1 "1. 27b exc ustve y one Isomer. 
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Areces used tri-0-acetyl-D-glucal as a chiral template to synthesise 3-
azabicyclo(3.3.0]octen-7-one derivatives, which are useful precursors for (-)-kainic 
acid.28 Pauson-Khand conditions of Co2(C0)8, DCM, NMO and a carbon monoxide 
atmosphere led to a I: I mixture of compounds 25a and 25b in 60% overall yield. X-ray 
analysis of 25b shows the tosyl group is lying underneath the bicyclic ring and on the 
opposite side to the sugar moiety, Scheme 14. 
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H OAc 
H 
2Sa 
26a 
Ts-N 
Scheme 14 
CH3 
2Sb 
0 
OAc 
OAc 
2Gb 
When reaction times were prolonged to 6 hours, eliminated products 26a and 26b were 
formed as a 1.2: I mixture of isomers in 11% overall yield as well as the expected 
products 25a and 25b in 45% overall yield and 1.4: I ratio. Hydrogenolytic and reduction 
processes have been seen in the Pauson-Khand reaction,Z9•·• however, elimination at the i3 
position was previously unreported. 
The synthesis of larger ring systems has received extensive coverage in the literature 
recently due to the introduction of aromatic enynes in the intramolecular Pauson-Khand 
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reaction. Perez-Castells initially started the use of benzene in the tethered linkage to form 
tricyclic cyclopentenones.30 This gave limited success in the formation of a [5,6] fused 
ring system. However, this idea has been taken further and indoles have also been used to 
give a [7,5] ring system from the dicobalt hexacarbonyl enyne complex, Scheme 15.31 
~ 
OTBS 
~ # Co,(CO)a 
'\ Mol. Sieves # N~ Toluene Reflux 75% 
27 28 
Scheme 15 
/ 
Krafft has also been active in this area and has synthesised seven- and ten-membered 
fused, and ten-membered and eleven-membered bridged tricyclic enones in modest to 
good yields, again starting from the dicobalt hexacarbonyl alkyne complex of the enyne, 
Scheme 16.32 
29 
Co,(C0)8 
DCM, rt 
6eq NMO 
"' Toluene 
65"C 
31% 
Scheme 16 
30 
One of the difficulties in forming the medium-sized rings is the low population of the 
reacting conformation due to the conformations mobility. The use of the aromatic ring in 
the tether linkage may restrict this mobility and lock the substrate into a more rigid 
system. This forces the reacting functionalities into a closer proximity and allows an 
easier cyclization in a similar way to the Thorpe-Ingold ~ffect mentioned earlier.24 
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Lovely extended this work, with the introduction of 'steric buttresses' at the ortho 
position of the aromatic ring.33 The steric bulk on the aromatic ring forces the flexible 
side chain to lie in the more favoured conformation, Scheme 17. 
0~~--
31 
Scheme 17 
Initial attempts used a te.rt-butyl group in the ortho position. The expected 6,6,5-tricyclic 
system was formed. However, upon increasing the chain length of the 0-alkylated chain, 
rather than the expected 6,7,5- and 6,8,5- ring systems, 6,8,5 and 6,9,5 tricyclic systems 
were formed with the 8,5 and 9,5 rings both being bridged in their respective cases. The 
steric bulk at the ortho position was decreased to a methyl group but again the bridged 
ring systems were formed. 
A final development in the intramolecular Pausoh-Khand reaction has been the use of an 
N-0 linked enyne.34" The use of this linkage in the tether has the advantage that the N-0 
bond is labile which will provide functionality for further synthetic modification, Scheme 
18. 
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Initial attempts gave the desired product in 51% yield but yields were increased after 
modification of the enynes. The N-0 linkage is cleaved to give 3,4-substituted 
cyclopentenones. This methodology has been used synthetically to prepare the 
carbocyclic core ofpalau'amines and styloguanidines, Figure 4.34b 
2 
0 
H2N~· N, \~ ................ . H2N~N,.. I~ ........ ~ 
HN HN 
HO HO 
pa!au'amlnes styloguanidlnes 
Figure 4 
1.2 Pauson-Khand reaction promoters 
Since the discovery of the Pauson-Khand reaction, considerable effort has gone into 
finding ways of enhancing the thermal reaction to give improved yields, shorter reaction 
times and a greater diversity of substrates with functional groups that require milder 
reaction conditions. 
1.2.1 Dry state adsorption conditions 
Dry state adsorption conditions (DSAC) were discovered by Smit and Caple35" whilst 
investigating the intramolecular Pauson-Khand reaction of allylpropargyl ether 
complexes. They found that the reaction was accelerated if the reaction was carried out 
on the surface of an adsorbent, in this case silica gel. This result led them to carry out a 
further in depth study of this effect.35b,c In one example, 3-allyloxy-3-methylbutyne was 
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cyclised under conventional thermal conditions (isooctane at 60°C, 24h) and gave the 
desired product 36 in 29% yield. In the equivalent reaction, adsorbing the same substrate 
onto silica gel and then leaving at 45°C for 30 minutes, the same product 36 was obtained 
in 75% yield, Scheme 19. However, the authors found that when using the silica gel 
conditions, an oxygen atmosphere was required for effective cyclization. When the 
reaction was carried out under an argon atmosphere a monocyclic product 37 was formed 
in 40% yield. 
75% 
o, 
38 
Ar 
3S 0 40% 
plus 15% 36 
37 
Scheme 19 
Smit and Caple found that a range of silica and alumina gels gave comparable results. 
The amount of water present in the silica gel was found to be crucial with optimum water 
content of between 10-20%. The authors proposed a cautious explanation as to the 
influence of the adsorbent. They suggested there was interaction between the hydrophilic 
adsorbent and the ether centre in the enyne. This effect along with the repulsive 
interaction of the adsorbent surface with the hydrophobic ends of the enyne would cause 
a more favoured lower energy coiled conformation allowing easier formation of the 
transition state. 
Smit and Caple then turned their studies to the intermolecular Pauson-Khand reaction.35d 
They found that it was possible to use DSAC in an intermolecular reaction using a range 
of strained alkenes and dicobalt hexacarbonyl alkyne complexes, in most cases, giving 
improved yields to those obtained under thermal conditions and reaction times under 
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three hours. Some zeolites were also tried which again gave good yields and shortened 
reaction times. 
Along a similar theme, Perez-Castells has reported the use of molecular sieves to promote 
the Pauson-Khand reaction.36 The rate of reaction was enhanced by using 4A molecular 
sieves in combination with trimethylamine-N-oxide. The rate enhancement was also 
possible at low temperatures (-I 0°C). A range of intramolecular and intermolecular 
Pauson-Khand reactions was attempted, and in all cases considerable increases in yield 
were observed. The rationale behind this was reported to be unclear and still under 
investigation. 
1.2.2 Tertiary amine-N-oxides 
/ 
The loss of a carbonyl ligand is thought to be the rate-determining step of the Pauson-
Khand reaction and any method in which this loss can be accelerated would be seen as 
beneficial. It is known within the literature that carbon monoxide ligands can be removed 
from metal carbonyl complexes by nucleophilic attack by an amine-N-oxide, producing 
carbon dioxide.37 Schreiber ·found that a tertiary amine-N-oxide promoted an 
intramolecular Pauson-Khand reaction at room temperature.38 Allylpropargyl ethers and 
substituted alkenes were also found to be tolerated. Lower reaction temperatures 
increased the selectivity. Electron deficient alkynes led to the production of a diene rather 
than the desired cycloadduct. The authors were unsure whether it was the amine-N-oxide 
or the tertiary amine produced during the reaction that was controlling the 
stereoselectivity by acting as a ligand to one of the cobalt containing intermediates, 
Scheme 20 .. 
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Table 1 
Conditions Yield(%) Selectivity (39a:39b) 
NMO,_I)CM, RT 68 11 : 1 
CH3CN, 82°C 75 4: 1 
Jeong and Chung looked to extend this methodology further by screening a range of mild 
' oxidants, N-methylmorpholine-N-oxide (NMO), trimethylamine-N-oxide (TMANO) and 
eerie ammonium nitrate (CAN), Scheme 21.39 
40 
Conditions A·D 
41 
(A) TMANO (3 eq.), Oz, DCM, 3 hr, RT (B) CAN (3eq.), DCM, 16 hr, RT 
(C) CAN (3eq.), acetone, 3 hr, RT {D) NMO (3eq.), DCM, 8 hr, rt 
Scheme 21 
42 
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Table 2 
Conditions 41 Yield(%) 42 Yield(%) 
TMANO (3eq.), Oz, DCM, 3 h, RT 90 0 
CAN (3eq.), DCM, 16 h, RT 32 45 
CAN (3eq.), acetone, 3 h, RT 0 80 
NMO (3eq.), DCM, 8 h, RT 87 0 
TMANO was found to be the best promoter of the three and generally gave excellent 
yields in the intramolecular reaction. CAN generally led to low yields or decomplexation 
of the alkyne. A limited range of intermolecular reactions was attempted which gave 
moderate to excellent yields. 
/ 
Kerr undertook studies to design a polymer-supported amine-N-oxide system that would 
allow the build up of libraries of chiral amine-N-oxides.40 After the synthesis of a suitable 
linker bearing an aldehyde moiety, morpholine was introduced onto the resin by way of a 
reductive amination to give the tertiary amine. The amine was then oxidized using a N-
sulfonyl oxaziridine, previously reported by Davis,41 to give theN-oxide. Utilizing this 
reagent in the Pauson-Khand reaction gave cyclopentenones in excellent yields in less 
than 30 minutes at room temperature, Scheme 22. 
H~OH tb + ; ... 11 
-- ,;§ . ,,,,,, '/ -
(OC)JCo 1 Co(COb 
43 
DCM,RT 
45 mins, 95% 
Scheme i2 
HO 
H 
44 
The added benefit of this system is that the cobalt residues remain bound to the polymer 
support, allowing simple work-up and purification techniques. The amine-N-oxide could 
then be regenerated by washing with a 2:1 mixture of THF and !M HCI followed by a 
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I 0% solution of Hiinigs base and then re-oxidized using Davis reagent. The recycled 
resin was shown to still be efficient after five cycles. One disadvantage of this resin was 
that it had a low active site loading meaning large amounts of polymer needed to be used. 
Consequently, Kerr turned his interest to a higher loading support based on a Merrifield 
type resin.42 A commercially available polymer supported morpholine based resin was 
oxidized using Davis reagent as before to give the requisite amine-N-oxide. A range of 
dicobalt hexacarbonyl-alkyne complexes and alkenes all gave good to excellent yields of 
cycloadduct. Kerr then discovered that if the Davis reagent was added into the reaction 
mixture an in situ re-oxidation was possible and the reaction time was reduced to 45 
minutes. 
1.2.3 Amines 
/ 
It is generally believed within the literature that the amines produced during the oxidative 
decarbonylation of the carbonyl ligands by the amine-N-oxides used above, would act as 
a stabilising ligand on the newly formed vacant coordination site prior to olefin 
insertion. 43 At the same time Darensbourg showed that carbonyl ligands could be 
substituted by amines on metal. carbonyl complexes, with the amines promoting further 
ligand liberation forming free sites for further substitution.44 Sugihara investigated this 
phenomena further by trying to develop a simple set of reaction conditions involving 
amines to promote the Pauson-Khand reaction.45 It was found that the reaction was 
indeed promoted when amines were used as the solvent, with moderately hindered 
primary amines bearing secondary alkyl groups, for example iPrNH2, giving the best 
results. However, quantitative yields and faster reaction times were obtained using I ,2-
dichloroethane (DCE) and 3.5 equivalents of cyclohexylamine at 83°C. Sugihara also 
investigated the use of ammonia but initial conditions. were too cumbersome for larger 
scale reactions due to the need for a sealed tube. Subsequently, a biphasic system was 
developed using aqueous ammonium hydroxide, which gave comparable yields to those 
obtained with cyclohexylamine. 
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Perisamy investigated using more sterically encumbered amines but yields were lower 
than other known promoters.46 The authors propose that the amine initially forms a weak 
interaction with a carbonyl ligand, Scheme 23. 
--\~, ... <OC~:O> 
CO NR3 
Scheme 23 
1.2.4 Sulfides and sulfoxides 
Previously, Krafft has demonstrated that sulfur tethers could chelate to the metal centres 
and control the regioselectivity of the Pauson-Khand reaction. The rate of the reaction 
was also accelerated. t?a-c 
Inspired by Krafft's findings, Sugihara believed that the addition of externally added 
sulfides might act as a promoter for the Pauson-Khand reaction.47 A drawback of using 
amines as promoters is the formation of reducible cobalt complexes, which lead to the 
cleavage of carbon-heteroatom bonds. Sulfides were seen as beneficial as they are poor 
cr-donors but better 7t-acceptors than amines and therefore the cobalt complexes produced 
may not be susceptible to reduction. Indeed, Sugihara found sulfides to promote both the 
inter- and intramolecular reactions, with the sterically less hindered sulfides having the 
greatest effect and allowing the reaction to be done at 35°C. Sulfides also proved 
advantageous over amines as they allowed the reaction of less favourable substrates to 
take place e.g. heptene cyclised in 85% yield and the low boiling cyclopentene gave 75% 
yield, Scheme 24. 
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Sulfides have unpleasa' odours so their use is unfavourable. Kerr overcame this by 
attaching an alkyl methyl sulfide via an ether linkage to a polymer support.48 
Intermolecular reactions gave excellent yields in the case of the strained alkenes 
norbornadiene and norbomene, Scheme 25, and moderate yields of 50% in the case of 
the less favourable 2,5-dihydrofuran and cyclopentene. The reaction mixture was washed 
with a THF-aqueous 2M HCl solution allowing recycling of the polymer with no loss in 
' 
reactivity. 
13 
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Scheme 25 
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Sulfoxides have also been investigated.'9 It is reported that similar yields are obtained 
between DMSO compared to amine-N-oxides but DMSO requires the use of higher 
temperatures. It was thought that the sulfoxides may work by substituting a carbonyl 
ligand for a more labile ligand rather than the irreversible oxidative loss of the carbonyl 
ligand as is thought to be the case with amine-N-oxides. 
Heterobimetallic Alkyne Complexes and their use in Asymmetric Synthesis 26 
Sulfoxides and sulfides have been used in tandem to promote the intramolecular Pauson-
. 50 Khand reaction. Stumpf has shown that a range of allyl propargyl sulfide cobalt 
complexes can be cyclised in good yield upon the addition of ten equivalents of both 
dimethyl sulfoxide and dimethyl sulfide. 
1.2.5 Other methodology 
Ultrasound has been seen in the literature to promote the dissociative loss of carbonyl 
ligands from metal carbonyls.51 The ultrasound works by acoustic cavitations of the 
liquids. This means the rapid formation, growth and implosive collapse of gas vacuoles 
that cause brief (nanosecond) localised hot spots where the temperatures and pressures 
can reach 3000K and 300 atm. Kerr has adapted this methodology'2 to utilise high 
intensity ultrasound to .~ood effect in partnership with amine-N-oxides to generate the 
cycloadducts by intermolecular reaction, Scheme 26. The reaction of the less reactive 
alkenes was much faster than with amines alone. 
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Along similar lines, microwaves have started to appear recently as a promoter.53 Inter-
and intramolecular substrates were seen to cyclise efficiently, in 55-95% yield with a 
maximum in the longest reaction time of 20 minutes. The choice of solvent used was 
crucial, toluene had the quickest reaction times but led to difficult purification. I ,2-DCE 
required longer reaction times to obtain analogous yields but product purification was 
simpler. Toluene is transparent to the microwave radiation allowing it to pass straight 
through whereas 1,2-DCE absorbs it efficiently. This means to reach the reaction 
temperature requires greater energy in toluene than in I ,2-DCE. This is a possible 
explanation why the reaction is more rapid in toluene but has the detrimental effect of 
being imselective. It was also observed that diastereoselectivity was increased under 
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microwave conditions than with the corresponding thermal and amine-N-oxide 
conditions. The authors are unsure at this stage whether the rate enhancement arises 
directly from the microwave energy or from 'super-heating' as has been described in the 
literature. 54 
Laschat recently published results using ionic liquids in the Pauson-Khand reaction.55 
Ionic liquids are favourable due to their non-volatility, easy recycling and the effect of 
causmg easier dispersal of the reactants. N-butyl-N-methylimidazolium · 
hexafluorophosphate was chosen, and both thermal and amine-N-oxide promoted 
reactions were attempted. Unsurprisingly, the amine promoted reaction gave the higher 
yields. Difficult work-ups led to decreased yields over conventional solvents but after 
optimisation yields were comparable. 
/ 
Krafft has managed to cause efficient cycloaddition using the most environmentally 
friendly solvent of all, water.56 Initial attempts were hindered by the immiscibility of the 
cobalt-alkyne complex. Krafft envisioned that the use of surfactants would allow this 
immiscibility to be overcome. A range of surfactants were screened but it was 
cetyltrimethylammonium bromide (CTAB) that gave the best results. Intra- and 
intermolecular cycloadditions proceeded in moderate to good yields. It is unclear whether 
the reaction is taking place in the water or the reactants have been encapsulated in 
micelles. 
1.3 Catalytic Pauson-Khand reactions4' 
1.3.1 Initial attempts 
Ever since the discovery of the Pauson-Khand reaction in 1971, extensive research has 
focused on developing a catalytic variant in order to remove the need for using 
stoichiometric amounts of toxic metals. Indeed, Pauson and eo-workers reported initial 
results of a catalytic reaction in 1973.4• The only examples involved strained alkenes 
such as norbornene and norbornadiene, which achieved good yields of 74%. It was not 
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until 1990 when Rautenstrauch reported the next truly catalytic Pauson-Khand reaction 
whilst investigating the synthesis of 2-pentylcyclopent-2-en-1-one, Scheme 27, a 
precursor to methyl trans-dihydrojasmonate. 57 High catalyst turnover of approximately 
220 achieved a 47% yield of cyclopentenone using 0.0022 equivalents of catalyst and 
high partial pressures of carbon monoxide and ethene along with high temperatures. 
However, reproducibility was a problem. 
49 
/ 
C0(1 aim) 
ethene (40 atm) 
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The need for high partial pressures of carbon monoxide to affect the cycloaddition under 
catalytic conditions is often seen as problematic. Livinghouse and Pagenkopf discovered 
a procedure in 1996 that removed the need for high pressures. They found that the 
cycloaddition would proceed if the Co2(C0)8 was photo-activated using a high-intensity 
visible light source at 50-55°C 'and I atm of carbon monoxide. 58 The same group later 
reported that the photo-activation was not required and that a thermal window of between 
60-70°C existed in which the reaction performed best.59 Below 50°C the reaction was 
sluggish and higher than 80°C was seen as detrimental to the catalyst's lifetime. It must 
be stated that the yields for the thermal reaction were slightly lower than for the 
photolytic reaction. In both instances, the authors have expressed the need for high purity 
Co2(C0)8 to obtain reproducible results. 
1.3.2 Additives 
As previously discussed, a wide range of promoters and additives has been used in the 
stoichiometric reaction. However, under catalytic conditions, the use of tertiary amine-N-
oxides or DMSO results in very low yields of product if any at a!l.60 Dark purple 
precipitates that were formed during the reaction were presumed to be oxidized metal 
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clusters. The formation of metal clusters or inactive cobalt species is believed to be one 
of the major obstacles to overcome in the catalytic reaction. It is !mown that at 50°C, 
Coz(CO)s is converted into Co4(C0)12, which is thought to be inactive in the Pauson-
Khand reaction.61 Pauson, Billington and eo-workers looked to prevent the formation of 
metal clusters by the use ofphosphines and phosphine oxides. The addition ofphosphines 
led to reduced yields or reaction rates. However, addition of tributylphosphine oxide 
resulted in a slight favourable effect on higher yields than those obtained without the 
addition of additives.62 Following this, Jeong, Chung and eo-workers reported the use of 
phosphites to stabilise the active intermediates.60 Using a range of phosphites, similar 
results were obtained to that of Pauson and Billington, that of lower yields, sluggish 
reactions and a low catalytic turnover of 4. It was not until the pressure of carbon 
monoxide was raised from I atm to 3 atm that a significant increase in yield was 
observed. The pressure seemed to be key to the reaction as the authors propose that above 
I 0 atm, the initial decarbonylation was prevented which restricted the creation of a vacant 
site for the incoming olefin. Triphenylphosphine was also tried as the eo-ligand under 3 
atm conditions, but this led to the slowing of reaction rates, Scheme 28. 
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coligand, mol% 
none 
P(OPh)3, 5 
P(OPh)3, 10 
PPh3, 10 
P(OPh)3, 10 
41 
CO pressure, atm Yield(%) 
3 4 
3 30 
3 82 
3 51 (a) 
10 14 
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As discussed earlier, Sugihara and Yamaguchi45 have reported the use of hard Lewis 
bases to promote the stoichiometric Pauson-Khand reaction. Following on from this 
work, they have carried on their investigations to both the intra- and intermolecular 
catalytic, reaction.63 Cyclohexylamine, which is one of the best promoters under 
stoichiometric conditions, had no effect at all. Secondary and tertiary amines did allow 
cyclization, the best being diisopropylethylamine, which gave the cyclised product in 
81%. The authors believe that during the catalytic reaction, the amines are not reacting 
with the alkyne-dicobalt hexacarbonyl complexes, but reacting directly with the parent 
Coz(CO)s or other metallic intermediates. However, 1,2-dimethoxyethane (DME) was 
found to be the best additive, but only in small amounts. Large excesses led to the 
decomposition of the catalyst. Pressures above 3 atm were required for higher yields of 
the desired products. An interesting point of this work was that they also found that 
water, again in small all)bunts, was an effective promoter. Contrary to this report, Krafft 
has found that cyclohexylamine is beneficial to the reaction giving increased yields in 
most cases.64 The authors report that the need for high purity Co2(C0)8, as stated by 
Livinghouse, 58 is not essential and that similar yields were obtained upon base washing 
the glassware before use. A second limitation that is noted is that enynes with internal 
alkynes and lacking significant•. Thorpe-In gold assistance do not undergo cyclization as 
efficiently and require higher catalyst loadings of 30-60% for effective yields. 
Hashimoto and eo-workers have used phosphine sulfides to effectively promote the 
catalytic reaction. 65 They found that bidentate diphosphine disulfides slowed the reaction 
but monodentate phosphine sulfides bearing electron donating groups oh the phosphorus 
atom led to good yields of cyclised product. The ratio of phosphine sulfide to Coz(CO)s 
was crucial and the reaction could be carried out without the need for high pressures of 
carbon monoxide. The authors believe that the phosphine sulfide is acting by trapping the 
co-ordinatively unsaturated metal species that is eliminated after formation of the 
product, which removes the need for the higher pressures. 
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The use of additives is not a general approach that can be used for the catalytic Pauson-
Khand reaction. In the cases above, the efficacy of an additive depends upon the 
conditions that are used, but in general high pressures and temperatures are required. 
1.3.3 In situ generation of cobalt (0) species 
As mentioned earlier, Livinghouse and Pagenkopf have expressed the need for the use of 
high purity Coz(CO)s.58 One way of overcoming this and avoiding lengthy purification of 
the catalyst is to generate the active catalyst in situ. Cobalt octacarbonyl is generally 
purchased stabilised by hexane, but once the hexane is removed the Coz(CO)s will 
decompose quickly in air: There have been many reports of the generation of the active 
catalyst in situ. 
/ 
Chung and Lee have reported that a catalytic preparation from [Co(acac)z] and NaBH4 
will successfully catalyse the inter- and intramolecular Pauson-Khand reaction under high 
pressures of carbon monoxide. 66 The role of the borohydride is unclear but it is thought to 
prevent the formation of cobalt clusters or inactive metal species. This method gave 
better yields in the case of the in1ermolecular cycloaddition. 
Another method for the in situ generation of the cobalt catalyst involves the use ofCoBrz 
with Zn, although this is merely sub-stoichiometric rather than truly catalytic.67 One 
benefit of this method is that the reaction can be carried out under an atmospheric 
pressure of carbon monoxide. Yields were moderate to good with the use of norbomene, 
but cyclization was also possible using the less reactive cyclopentene albeit in yields of 
30%. 
A large amount of work has been done recently in this area to remove the need for a 
reducing step in situ to generate the catalyst. The first step of the reaction is the formation 
of a stable alkyne-[Co2(C0)6] complex.4•·6• Billington has attempted to use a preformed 
ethyne-dicobalt hexacarbonyl complex as the active catalyst, using challenging alkenes 
such as 2,5-dihydrofuran and cyclopentene, hoping to keep the generated cobalt species 
·. 
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active after initial cyclization of the ethyne complex and for this to continue and initiate a 
catalytic cycle.68 Unfortunately, catalyst activity was low and prolonged reaction times 
were needed for reasonable yields. Isobe has shown that a reductive decomplexation to 
form vinyl silanes can take place when a Co2(C0)6-alkyne complex is treated with 
triethylsilyl hydride, Scheme 29.69 
-;:?" ~ /" ~ Et3SiH A CaHe \._ ~ ""'"--78% 
Et3Si H 
S1 S2 
Scheme 29 
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Livinghouse and Belanger believed they could adapt the above methodology to be a key 
starting point in the catalytic Pauson-Khand reaction.70 The decomplexation would lead 
to the formation of an active cobalt species. A series of Co2(C0)6-alkyne complexes were 
tried in combination with Et3SiH as pre-cursors to the active catalyst. It was found that 
this method worked in high yields but cyclohexylamine was required to obtain higher 
yields, Scheme 30. Krafft has reported a modification and improvement of the 
Livinghouse method that removes the need for the reductive decomplexation step and 
addition of cyclohexylamine as an additive.71 Krafft envisaged using a dicobalt 
hexacarbonyl enyne complex that after initial cyclization would generate the active 
catalyst. Of course, the complex cyclised product would have to have a different polarity 
to the desired product. Therefore, using a catalytic amount of the Co2(C0)6-enyne 
complex of the actual substrate would be a practical method, Scheme 30. 
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Sugihara and Yamaguchi have utilised a methylidenetricobalt nonacarbonyl cluster as an 
effective catalyst in the Pauson-Khand reaction, Figure 5.72 The authors suggest the 
cluster is more active than Co2(C0)8 due to the following two properties; i) substrates can 
easily co-ordinate to the metal centre of the clusters by dissociative or associative 
mechanisms or by cleavage of one of the cobalt-cobalt bonds; ii) the carbon unit of the 
cluster makes the active cluster thermally stable. However, the use of the clusters still 
requires the use of high temperatures and pressures of carbon monoxide. The clusters are 
easily prepared from dicobalt octacarbonyl and trihaloalkanes. A range of clusters was 
tried with varying sizes of substituents on the bridging carbon, although smaller 
substituents were required for effective cyclization. Aromatic substituents were 
detrimental to catalysis. The cluster was active in both the intra- and intermolecular 
Pauson-Khand reaction. 
Heterobimetallic Alkyne Complexes and their use in Asymmetric Synthesis 
R 
oq I \/~/0 
oc/~J?""co 
OC C"" CO 
ocf I eo 
CO 
Figure 5 
34 
It has been reported within the literature that Co4(C0) 12 is inactive to the catalytic 
Pauson-Khand reaction61 and is seen as the dead-end pathway of the reaction. Chung and 
Kim have published results that disprove this theory. 73 They have caused effective 
cyclization using Co4(C0)12 at 150°C and 10 atm of carbon monoxide giving excellent 
yields. The cluster was also shown to be a more effective catalyst than Co2(CO)s. Krafft 
has backed up these fipdings. 74 The cluster was used at 70°C and 1 atm of carbon 
monoxide without the addition of any additives if carried out using 1,2-DCE as solvent. 
Nevertheless, the use of cyclohexylamine was beneficial in increasing yields. It is thought 
that the cyclohexylamine encourages the disproportionation of the Co4(C0)12 into the 
active catalytic species75 as well as maintaining the active species generated. In the 
absence of cyclohexylamine, yields were higher for the cyclised product when the more 
stable Co4(C0)12 was used over Co2(CO)g. 
The use of phosphines and phosphites in both the stoichiometric and catalytic Pauson-
Khand reaction has received extensive coverage in the literature.48•60•62 It was not until 
recently that preformed complexes of phosphines and phosphites have been found to 
catalyse the Pauson-Khand reaction.76 Gibson tried to add a range of phosphines and 
phosphites to Co2(CO)s. The triphenylphosphine derivative, [Co2(C0)7PPhJ], proved to 
be the most robust of the catalysts prepared giving good to excellent yields of cyclised 
product under 1.05 atm of carbon monoxide and 75°C. 
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1.3.5 Supercritical fluids 
Supercritical fluids are fast becoming a useful reaction media due to the increased 
solubility of gaseous reactants, rapid diffusion of solutes and lowering of the solvation 
around the reacting species. Jeong recently reported the use of supercritical carbon 
dioxide in both the catalytic intra- and intermolecular Pauson-Khand reactions.77 
Supercritical fluids improve the dispersion of reactants and prevent aggregation in the 
reaction mixture. They found that they could use 2-5 mol% of catalyst but high 
temperatures and 15-20 atm of carbon monoxide were required to keep the catalytic 
metal species active and the reaction times under 24 h. Generally, good to excellent 
yields were obtained. 
Jeong has further ex\Yilded his research in this area by achieving a catalytic 
intermolecular reaction in supercritical ethylene.78 Ethylene is regarded as one of the less 
reactive olefins in the Pauson-Khand reaction but the use of supercritical ethylene leads 
to a high effective concentration of the ethylene. In separate work by Gleiter, 
supercritical ethylene has proved beneficial in the twofold Pauson-Khand reaction of 
cyclic diynes, which leads to doubly tethered cyclopentenones, Scheme 31. These can be 
converted to ansa-metallocenes and dinuclear metal complexes.79 Supercritical ethylene 
was crucial to obtaining high yields. 
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1.3.6 Heterogeneous catalysts 
Chung has been very active m this area and has recently made some interesting 
improvements along a common theme. The first reported heterogeneous catalyst for the 
Pauson-Khand reaction was metallic cobalt supported on mesoporous silica.80' The 
catalyst was air-stable, reusable and gave excellent performance in the intramolecular 
cycloaddition. The catalyst was made by decomposing Co2(CO)s onto a mesoporous 
silica support in refluxing toluene, confirmed by the infra-red spectra showing the 
absence of carbonyl vibrations. Amorphous silica gel was also tried but these conditions 
were not quite as good as the mesoporous variant. This is due to easier access and 
confinement of substrates in regular mesopores. Intermolecular cycloadditions were 
attempted but yields were disappointingly low due to a side product from a competing 
[2+2+2] cycloadditionjHowever, this problem was overcome when cobalt was 
immobilised onto charcoal.80b The intermolecular reaction now proceeded in excellent 
yields in most cases. Optimum cobalt loading of 12 wt% was critical to the activity of the 
catalyst. The authors also suggest that it is the state of the cobalt and not which support is 
used that controls the activity of the catalyst. X-ray powder diffraction patterns reveal the 
presence of hexagonal close packed metallic cobalt in both the mesoporous carbon and 
the cobalt on charcoal. 
Chung has removed the need for high temperatures and pressures used in the previous 
two cases by forming colloidal cobalt nanoparticles that can be used under less harsh 
conditions.80c Although a high temperature of 130°C is still required, a milder 5 atm of 
carbon monoxide is utilised. Any drop below these values results in much lower yield. 
The catalyst was successful in both the intra- and intermolecular reactions giving 
excellent yields, although heteroatom bridged enynes required a pressure of 10 atm to 
give a respectable yield. Again, the catalyst can be re-used without any reduction in 
activity. Chung followed up this work by trying to develop a catalyst that used milder 
conditions. soct It is thought that low-valent cobalt would be unstable and would oxidise in 
water, therefore, aqueous colloidal cobalt nanoparticles were investigated. The 
nanoparticles were prepared by reducing an aqueous solution of cobalt acetate containing 
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sodium dodecyl sulfate (SDS) surfactant, which produced air stable nanoparticles. Under 
optimised conditions, yields were high. Although water was being used as solvent, high 
temperatures, 130°C, and high pressures of carbon monoxide, 20 atm, was required. It is 
thought that the SDS micelles are working as nanoreactors, which causes better 
solubilization of the reactants and allows them to intermingle better with the 
nanoparticles. Again, the catalyst could be recycled. 
Following on from the use of colloidal cobalt nanoparticles, Chung decided to 
immobilise the nanoparticles on charcoa1.80e The yields of the Pauson-Khand reaction 
were excellent but only when conditions of 5 atm of carbon monoxide at 130°C were 
used. The catalyst could be recycled up to five times with no loss in activity. A range of 
substrates were used, internal enynes and heteroatom bridged enynes required an increase 
to 10 atm of carbon monoxide, while the intermolecular variation of the reaction required 
a further increase up to 15 atm of carbon monoxide to achieve the required products in 
excellent yields. It was also found that this catalyst was useful for the hydrogenation of 
a,(:l-unsaturated enones, imines and olefins. This activity was combined to carry out a 
reductive Pauson-Khand reaction. Under the conditions of 130°C and 5 atm of carbon 
monoxide and 5 atm of hydrogen for 18 hours gave the reduced Pauson-Khand products 
in 43-98% yields, Scheme 32. They also found that no hydrogenation of the enyne 
substrates was taking place. 
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Cobalt nanopartlcles on charcoal 
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A slight variation of the catalyst discussed above, Chung has immobilised palladium and 
cobalt nanoparticles on silica.80r The idea here being that a sequential allylic alkylation 
and Pauson-Khand reaction could be carried out. Good yields, 88%, were obtained at 
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130°C and I 0 atm of carbon monoxide. Again, any deviation from these conditions 
lowered the catalytic activity. The catalyst showed a reduction in activity after recycling 
due to the bleeding of the metals, mainly Pd, from the silica. The catalyst was shown to 
be effective with substituted enynes and allylic acetate (82-88%), cyclic allyl acetate 
(73%) and nitrogen tethered substrate (68-75%), Scheme 33. 
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Chung's most recent development has been the use of a ruthenium/cobalt nanoparticle 
catalyst. sog The catalyst would cause the in situ generation of carbon monoxide, due to 
the ruthenium carrying out a decarbonylation followed by the cobalt causing the Pauson-
Khand reaction. The reaction was attempted in the presence of 2-pyridylmethylformate as 
the source of carbon monoxide. Yields of between 75-97% of the required bicyclic 
systems were obtained. There was no loss of activity of the catalyst and there was no 
need for the use of high pressures in the reaction conditions, Scheme 34. 
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Immobilised catalysts of this type are very useful in the Pauson-Khand reaction. They are 
convenient to use, recyclable and very versatile and could be used on an industrial scale. 
1.3. 7 Aldehydes as a source of carbon monoxide 
Krafft has recently published work that removes the need for the use of toxic carbon 
monoxide.81 The cyclocarbonylation can be carried out on a range of enynes employing a 
nitrogen atmosphere and a sub-stoichiometric amount of Co2(C0)8, thereby removing the 
carbon monoxide gas by replacing it with a toxic metal species instead. 
Two groups from Japan have both published work in this area during the last year. Both 
groups believed that a carbonylation reaction without the use of carbon monoxide was 
desirable. Rhodium corpplexes can carry out both the Pauson-Khand reaction and the 
decarbonylation of aldehydes. Co-ordination of carbon monoxide to the metal centre 
results in the formation of a metal carbonyl. It was thought that this metal carbonyl could 
then react with the material to be carbonylated to form the desired product. 
Morimoto' s initial attempts gave modest yields, which were improved after optimisation 
of the conditions,823 They found that aldehydes with electron-withdrawing substituents 
donated a CO moiety more effectively than those having electron releasing substituents, 
the best being pentafluoro-benzaldehyde. No hydroacylation occurred on the alkene or 
either end of the enyne during the CO transfer. Iridium and ruthenium were also 
investigated but yields were not as good as with rhodium. 
Shibata also used a rhodium catalyst but used cinnamaldehyde as the CO source.82b 
Excellent yields were achieved but the quantity of aldehyde used did affect the yields, 
generally a huge excess gave the best yields. The use of solvent-free conditions gave no 
improvement in yield. Both groups differ in their views as to which aldehyde is the best 
source of carbon monoxide. Morimoto's views have been expressed above but Shibata 
found that benzaldehyde ~ave a mixture of products, while alkyl aldehydes were poor 
donors. Shibata proposes that a phenyl group and an alkene are important components of 
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the CO donor. Both groups believe the reaction to proceed by a similar mechanism, 
Scheme35. 
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1.3.8 Pauson-Khand reactions involving polymer supports 
To date there has been limited 'work reported in the area of polymer supported Pauson-
Khand reactions. The use of polymer supports would be beneficial because it would lead 
to a more environmentally friendly synthetic route. Schore reported some of the initial 
work, mainly involving the stoichiometric intermolecular reaction.83 .This early work 
involved the alkyne being tethered to the solid support via an ester linkage, which after 
cyclization on the polymer could be cleaved to give the cyclopentenone bearing a 
pendant alcohol, Scheme 36. 
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Bolton has also reported an intramolecular reaction to facilitate the synthesis of fused 
bicyclic amino acid derivatives.84 Wang resin was used to produce the cycloadduct in 
high yields and with some degree of stereoinduction, Scheme 37. 
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One of the reasons so little work has been reported is due to there being no published 
methods for the release of an alkyne unit from the polymer leaving the triple bond intact. 
Gibson has developed a method where a cobalt carbonyl complex has been attached to a 
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polymer support.85' 'Polymer bound triphenylphosphine' 69 was reacted with Coz(CO)s 
to generate a cobalt carbonyl resin, Scheme 38. However, this resin showed signs of an 
ionic form 70 and a monophosphine substituted complex 71. Heating of this resin at 60°C 
in I ,4-dioxane converted it into a neutral bisphosphine structure 72. Hex-5-yn-1-ol was 
then attached across the cobalt metals to give the standard cobalt-alkyne complexes that 
would be formed in the solution phase. 
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A simple Swern oxidation was carried out and the alkyne was then removed from the 
polymer support by aerial oxidation in DCM under white light. The authors then went on 
to show that both resins [70+71] and 72 could be used in the catalytic Pauson-Khand 
reaction. 85b The desired cyclopentenones were formed in yields of between 21-66% using 
5 mol% of the resins. The phosphines present in the resin are held close to the 
polystyrene backbone. The resin was switched to a polystyrene polyethyleneglycol resin 
that allowed the cobalt species to be positioned further from the backbone. 85' Despite 
this, yields did not improve so the environment seems to have little effect on the reaction. 
Portney has taken this theme further by using a dendritic effect.86 Dendritic means the 
branching from a central point like in a tree. The reactive part of the resin is positioned at 
differing levels away from the backbone. Wang resin was used, which was dendronised 
followed by functionalisation with either o- or p-(diphenylphosphino)benzoic acid to give 
two sets of ligands, Figure 6. In the case of the p-(diphenylphosphino)benzoate series, 
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the yields for the cyclization improve the further from the backbone the reaction site is. 
However, improved yields were obtained with use of the o-( diphenylphosphino )benzoate 
series, up to 68%. 
/ 
Figure 6 
1.4 Asymmetric Pauson-Khand reactions4d 
A considerable amount of work has been done to investigate the possibilities of making 
the Pauson-Khand reaction as:frnmetric,4d as it would provide a very valuable tool in 
natural product synthesis due to the vast number of natural products containing a 
cyclopentenone ring system. The stereochemistry involved in intramolecular reactions 
has already been discussed. With regards to the intermolecular reaction, the three most 
successful ways in which chirality has been induced has involved the use of: (1) a 
removable chiral auxiliary; (2) chiral metal complexes and (3) chiral promoters. 
1.4.1 Chiral auxiliaries 
Similar methodology to that used previously in the intramolecular reaction has also been 
used to induce stereocontrol in the intermolecular reaction. A range of alkoxyacetylene 
complexes were screened but a phenanthrylcyclohexanol derivative was found to give the 
best diastereoselectivities.87 Trans-2-phenylcyclohexanol was the chiral auxiliary of 
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choice due to its easier preparation than the phenanthryl derivative, Both enantiomers are 
easily prepared by inexpensive techniques. 
Carratero found that alert-butyl sulfinyl moiety attached to the terminal end of the alkene 
in a range of 1,6-enynes directed the synthesis to give a 98:2 ratio of diastereomeric 
products88 when subjected to either thermal or amine-N-oxide conditions, although only 
moderate yields were obtained. Substitution of the acetylenic moiety prevented the 
reaction occuring and only starting materials were recovered, Scheme 39. 
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Inspi;ed by Krafft's methodology, 17 whereby a sulfur moiety in a suitable position will 
chelate to a cobalt metal centre upon loss of a carbonyl ligand, Pericas and Riera looked 
to adapt this by developing a cliiral auxiliary with a chelating ability. 89 The chiralligand 
would transfer chirality to the cobalt-alkyne core and the reaction would be directed 
towards one of the two diastereotopic metal centres. Utilising camphor based derivatives, 
the chiral auxiliary was attached to the alkyne· via an oxygen atom to form an 
alkoxyacetylene complex. The electronic and steric nature of the sulfide moiety was 
adapted to maximize the diastereoselectivity. Initially, 1 0-methylthioisobomeol complex 
75 was utilised, Scheme 40. 
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It soon became clear that an equilibrium .exists between the dicobalt hexacarbonyl 
complex 75 and an analogous pentacarbonyl chelated complex 76. Heating of 75 to 50°C 
leads to the formation of 76 and a slight contamination of 75. Cooling this mixture back 
to room temperature un4er a carbon monoxide atmosphere leads to the reformation of 75, 
Scheme 40. Addition ofNMO was found to drive the equilibrium completely towards 76. 
This shows that the sulfur moiety is able to stabilise the unsaturated metal species 
allowing chirality transfer. Also, the Co-S dative bond is very labile which should 
contribute to an increase in reaction rate. Despite the ability of the chelated species to 
form two diastereoisomers, NMR observations indicate the highly predominant existence 
of a single diastereoisomer. 
Table 4 
Alkene Conditions Yield(%) de(%) 
A,RT 65 40 
Norbomene B,ooc 66 76 
B, -20°C 77 84 
A,RT 95 20 
Norbomadiene 
B, -20°C 82 92 
Conditions A: CO atm and heat. Conditions B: 6 eq. NMO, DCM 
A range of experiments was attempted, varying the reaction conditions, alkyne 
substituents and alkenes. Under conditions that maximized the concentration of complex 
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75, stirring under a CO atmosphere at room temperature gave good to excellent yields, 
but a disappointingly low diastereomeric excess of between 20 and 44%. Alternatively, 
when conditions were employed to maximize the concentration of 76, six equivalents of 
NMO and then cooled to 0°C before addition of the olefin, yields were similar to those 
obtained previously but the diastereomeric excess increased to a minimum of 76% and a 
maximum of92%. Using these conditions allowed reaction temperatures to be dropped to 
-20°C to obtain the maximum diastereomeric excess. Unfortunately, the increased 
reactivity shown by these pentacarbonyl complexes could not be exploited in their 
reaction with the less reactive olefins. Chiral auxiliaries bearing more sterically 
demanding sulfide moieties did not lead to an increase in diastereoselectivity 
The above methodology was also applied to the intramolecular Pauson-Khand reaction 
during the course of the. synthesis of (+)-15-nor-pentalenene.90 Of the chiral camphor 
/ 
derived alkoxyacetylenes used, the derivative bearing the sulfur tether gave the greatest 
diastereoselectivity (9:1) in a 74% yield. The tricyclic enone could then be converted to 
the desired final product in several steps, Scheme 41. 
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Due to the instability of the acetylene ethers, Pericils and Riera looked to forming a more 
stable complex. To obtain high yields of the dicobalt hexacarbonyl complexes, during 
their formation steric shielding of the triple bond is required to protect against hydrolysis 
and polymerisation. The authors concentrated their efforts towards the use of acetylene 
thioethers due to their known higher stability against the conditions discussed 
previously.91 Two camphor based chiral acetylenic thioethers were synthesised, similar to 
those used earlier, in good yields and were then subjected to both the intra- and 
intermolecular Pauson-Khand reaction. 
In the case of the intramolecular reaction, both thermal and amine-N-oxide promoted 
conditions were tried. As can be seen in Table 5, although both alkynes gave good yields 
of cycloadducts under both sets of conditions, neither of them led to any major 
stereoselectivity, although a slight preference is seen with Slb, Scheme 42. 
80a,b 
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Table 5 
Starting R' thioenyne Reaction Conditions Product (yield, d.r.) 
A- 65°C, 12h Sla (55%, 1.1:1) 
B-0°C, llh 81a(50%, 1.1:1) 
a 
A- 65°C, 42h Slb (60%, 1.4:1) 
B- -20°C, 48h Slb (47%, 1.3:1) 
b 
Conditions A: stirring of preformed cobalt-alkyne complex in hexanes at the specified temperature. 
Conditions B: 10 eq. of NMO to a DCM solution of preformed cobalt-alkyne complex at the specified 
temperature. 
The intermolecular reaction, under both thermal and NMO promoted conditions led to the 
formation of the expected exo !!dducts and were regioselective, with the alkylthio group 
present a to the carbonyl. Disappointingly, there was no stereoinduction. In the case of 
the less reactive cyclopentene, although a moderate yield was obtained, remarkably, a 
4.6: I diastereoselectivity was seen under NMO conditions. Internal alkynyl sui fides were 
also. studied, which gave moderate yields of cycloadducts. Again, total regioselectivity 
was seen, however, the opposite isomer was produced with the alkylthio group in the 13 
position to the carbonyl. The authors have unpublished results that show that internal 
acetylene ethers also behave in this manner, demonstrating that it is a feature of these 
types of complexes that causes this regioselectivity. Again, only a moderate degree of 
diastereoselectivity was achieved. 
With all of the above results in hand, Pericas and Riera, combined all of their findings to 
devise what they thought would be the optimum system. They decided to swap the 
oxygen to sulfur in the bridge between the chiral auxiliary and the alkyne to form a 
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thioalkoxyacetylene92 that also had a sulfide moiety present to allow chelation. This led 
to the chelated complex having increased stability due to the longer C-S bonds reducing 
the ring strain formed by chelation, Scheme 43. 
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The chelated complex ,~ could be isolated in a pure form prepared from both thermal 
and oxidative conditions and exhibited greater stability than the oxygenated analogues, 
When the chelated complexes were submitted to thermal Pauson-Khand conditions, poor 
diastereoselectivity was observed. Under NMO conditions, there was a loss of 
diastereoselectivity. The NMO was causing the loss of diastereoselectivity, which led to 
the development of a new set .of conditions. The chelated complex was formed using 
NMO, which was then removed by filtration, and the olefin was then added at the 
designated temperature. This led to a major increase in diastereoselectivity, to an 
optimum of 95:5 diastereomeric ratio. 
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Table 6 
alkene Reaction conditions Yield(%) d.r. 
A, 0°C, 552h 31 67:33 
B, 0°C, 24h 64 68:32 
B, -20°C, 60h 67 52:48 
Norbomadiene 
C, ooc, 24h 52 92:8 
c, -zooc, 144h 53 93:7 
D, -10°C, 72h 65 95:5 
B, 0°C, 48h 66 37:63 
Norbomene C, ooc, 48h 45 82:18 
D, -10°C, 120h 66 86:14 
Conditions A: Cobalt-alkyne_ complex and olefin in hexane under CO at specified 
temperature. Con<litions B: Generation of pentacarbonyt complex using NMO, 
followed by addition of olefin at specified temperature. Conditions C: Generation of . 
pentacarbonyl complex by heating in hexane at 55°C, followed by addition of olefin at 
specified temperature. Conditions D: Generation of pentacarbonyl complex using 
NMO, and removal of NMO by filtration, followed by addition of olefin at specified 
temperature. 
50 
Work was turned towards attempts to improve the diastereose1ectivity of the reaction yet 
further. It was thought that an increase in steric bulk around the chelating sulfur could 
cause this effect.93 A mesityl derivative of the analogous camphor auxiliary used 
previously was synthesised using similar methodology. During the course of this study, 
through spectroscopic and mechanistic evidence, it was noted that the cobalt centre 
taking part in the reaction was the Co-pro-R, Figure 7. The mesitylmethyl group also 
directs the chelating sulfur towards one of the cobalt centres and prevents epimerisation. 
Using this auxiliary in the Pauson-Khand reaction led to the diastereomeric ratio being 
increased to 98:2, using three equivalents of NMO to generate the chelated complex. 
However, the NMO needed to be removed before addition of the olefin, otherwise all 
diastereoselectivity was lost. 
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In the above cases, the stereogenic centre in the chiralligand has been four or five bonds 
away from the newly crlated centre. Pericas and Riera looked to place this chirality much 
nearer by using an alkynyl sulfoxide that places the stereo genic centre directly bonded to 
the acetylenic carbon.94 Unfortunately, where R=TMS or H, Scheme 44, the complexes 
were reluctant to undergo cycloaddition giving low yield or no reaction. It was found that 
the regioisomer with the sulfoxide moiety in the f3 position to the newly formed carbonyl 
predominated in the Pauson-Kh~nd product when cyclization did occur, Scheme 44. Low 
diastereoselectivity was achieved but increasing the size of the acetylenic substituent did 
lead to a slight increase up to 2.6: I. During removal of the sulfoxide group it was seen 
that there was a loss in the enantiomeric excess of the cyclic en ones. Subsequent studies 
showed that the dicobalt hexacarbonyl complexes were configurationally unstable and 
this led to racemisation at a reasonable rate even at room temperature. 
85 
70"C, 12 h 
53%,2.6: 1 
Scheme44 
86 
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1.4.2 Chiral complex approach 
The second major way in which the Pauson-Khand reaction can be rendered 
stereoselective is by desymmeterising the metal alkyne core. 
Kerr95 found that by adapting an existing procedure, (R)-(+)-Glyphos could be prepared 
which is a monodentate phosphine ligand, Scheme 45. The (R)-(+)-Glyphos could then 
be attached to one of the prochiral cobalt atoms and desymmeterise the bimetallic core. 
HO 
HO 
HO ~ KPPh,ITHF 
OH . ><OJors-p RT,20min 
/ 0 
OH 
OH 
0-Mannltol 
87 
Scheme45 
88 
(RH+)·Giyphos 
With the ligand attached, it allowed the easy separation of the diastereomeric complexes. 
Initially using a diastereomeric mixture of the complexes, reactions with norbornene gave 
lower yields than with the parent hexacarbonyl complexes along with a low enantiomeric 
excess. It was thought that the loss of enantiomeric ·excess was due to diastereomeric 
complexes being able to inter-convert. Utilizing amine-N-oxides, which allowed the use 
of lower temperatures, both norbornene and norbornadiene gave good yields ( 65-90%) 
with excellent enantiocontrol ( 64-99% ). It is also stated that the enantiocontrol arises due 
to the C2Co2 core rather than the chiral Glyphos ligand, as differing diastereomeric 
complexes led to the opposite isomers in the products. 
Chung has reported the use of phosphite ligands in place of phosphine ligands to give 
excellent yields of cyclised product.96 It was found that the use of trimethylamine-N-
oxide as a promoter inhibited the epimerisation of the cobalt complex, which is one of the 
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problems associated with these complexes. The expected exo compound was formed with 
complete diastereoselectivity. The authors surmise that the diastereoselection is due to the 
chiral cluster core. 
Greene has looked to use bidentate ligands rather than the monodentate ligands used 
earlier.97 The bidentate ligands overcome the problem of diastereomeric mixtures seen 
with the monodentate ligands. Using a ( + )-a-methylbenzylamine bridge between the two 
chelating phosphines, the reaction between norbornene with cobalt complexed acetylene 
led to the usual cycloadduct in 54% yield with encouraging 16% enantiomeric excess, 
Scheme 46. 
oc;M;co 
OC""c\ / /"'-....eo 
""X~ 
Me Ph 
Toluene, ao•c 
H 
89 90 
Scheme 46 
In a similar vein, Moyano has attempted to use phosphinooxazoline ligands as a means of 
controlling the stereochemistry.98 In this instance, the chelating ligand attaches itself via 
both a Co-N and Co-P bond to the same cobalt atom rather than acting as a bridging 
ligand. This renders it very stable towards isomerization, contrary to the nonchelated 
phosphine substituted alkyne complexes mentioned previously. Under thermal 
conditions, initial attempts to use the chelated complex 91 led· to low levels of 
enantiomeric excess. However, if the ligand was attached via just the phosphine alone as 
in complex 93, then moderate enantioselectivity of 61-74% was obtained, Scheme 47. 
The enantiomeric excess was vastly improved upon use of amine-N-oxide promoted 
conditions, up to an excellent 97%. 
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Table 7 
Starting complex Product Reaction conditions Yield(%) 
91 (-)-92 
A, 60°C, 18 h 93 
8, 20°C, 24 h 90 
A, 80°C, 15 min 95 
93 (+)-92 A, 45°C, 18 h 98 
8, 0°C, 24 h 99 
Conditions A: stirring at specified temperature with 1 Oeq. of olefin and under a N2 atmosphere. 
Conditions B: Activation of complex by NMO in DCM at specified temperature. 
54 
ee (%) 
12 
0 
70 
74 
97 
As Krafft17 has shown earlier and the Pericas and Riera group reported more recently, 89"93 
a sulfur moiety present in the ligand can prove beneficial to reaction rates, 
regioselectivity and stereoselectivity. Pericas and Riera looked to develop a chiral 
bidentate ligand containing both phosphorus and sulfur that could attach itself as a 
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bridging ligand across the two cobalt metal centres.99 This meant that the length of the 
link between the two atoms became crucial. A methylene bridge was seen as a suitable 
link, and the oxathiane 94, could be readily prepared from natural ( + )-pulegone, Scheme 
48. 
0 
H, CH3 
(+)-Pulegone 
/ 
& H,~) 
CH3 . 
94 
1) sec-Bull, -78"C 
2) CIPPh2,-78"C toRT 
3) BH,.S(CH,), 
81% 
Scheme48 
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Following addition of the oxathiane ligand 95 to the cobalt alkyne complex, investigation 
of its use in the thermal Pauson-Khand reaction led to a quantitative yield and 99% ee. 
The same results were seen with the other complexes used, although a slight drop in the 
enantiomeric excess was seen. This loss could be overcome with the use of NMO 
oxidative conditions. 
A problem associated with the oxathiane ligand was that low diastereoselectivities were 
obtained upon addition of the ligand to the cobalt-alkyne complexes. The authors 
believed this to be due to the pulegone having a flat backbone and that a camphor 
derivative using the same chemistry would give better results. 100 Disappointingly, after 
synthesis of the desired camphor ligand, CamPHOS 96, it was found that the 
diastereoselectivity of the cobalt-alkyne complex formation was worse than with the 
PuPHOS ligand 95 used above. This led to a slight modification of the CamPHOS ligand, 
with the addition of a methyl substituent in the carbon bridge between the sulfur and 
phosphorus, MeCamPHOS 97, Figure 8. Upon addition to the cobalt-alkyne complexes, 
this led to a dramatic increase in the diastereomeric ratio, up to 20: 1. 
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After the cycloaddition reactions, it was found that the CamPHOS and MeCamPHOS 
complexes led to the formation of cyclopentenones bearing the opposite configuration. 
After circular dichroism studies, it was seen that the two Iigands lead to pseudo-
enantiomeric C2Co2 clusters, Scheme 49. 
/ 
(+)·2(S~98 CamPHOS (96) 
H·2(R)·98 
Scheme 49 
If the Pauson-Khand reaction was to proceed as expected, with the incoming olefin being 
attached to the vacant site left by the labile sulfur, it can clearly explain the opposite 
configurations being found in the products. 
An alternative method of desymmeterising the metal-alkyne complexes would be to 
switch to a heterobimetallic complex. If the two substituents present on the alkyne differ, 
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it renders the tetrahedral core chiral. Indeed, work within our own group has looked to 
exploit this methodology in the Pauson-Khand reaction. ID la Initial results were 
comparable if not better than the his-cobalt complexes used previously under simple 
thermal conditions. Separation of each diastereoisomer of the complex 99, by use of 
propargyl menthyl ether, led to each separate isomer giving 100% diastereomeric excess. 
It can be postulated that the reaction is proceeding preferentially around one of the metal 
centres whether this be by electronic and/or steric differences between the two metals. 
The mixed metal complexes also have the added advantage of being thermally stable, 
compared with the phosphine substituted complexes that have problems with 
racemisation, Scheme 50. 
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Continuation of this work tried to predict the controlling factors of the above 
stereoselectivity. 101b The propargyl menthyl ether complex 99 was again made and 
separated as before. However, this time the chiral auxiliary was removed and a range of 
nucleophiles were added back into the propargylic salts (99~100~101). Submission to 
thermal conditions led to the expected cycloadducts, which were enantiomerically pure. 
Different enantiomers of the metal-alkyne complex led to different enantiomers of the 
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corresponding cyclopentenone, regardless of the substituent attached at the propargylic 
position. 
1.4.3 Chiral promoter 
The ability of amine-N-oxides to enhance the rate of the Pauson-Khand reaction has been 
described previously.3742 It is thought that this rate enhancement is due to the oxidative 
removal of a carbon monoxide ligand from one of the metal centres, leaving a free site 
for the incoming olefin to attach. If it was possible to selectively remove one of the 
carbonyl iigands, a degree of stereocontrol could be induced. Its usage would remove the 
need for a chiral auxiliary or the preparation of optically pure starting complexes, which 
has been the case with previous methods. This elegant idea however has only seen 
limited reports in the Ii,terature. Kerr102' reported the initial use of brucine-N-oxide and 
has elaborated on his findings in a subsequent paper.102b Initial results showed that 
brucine-N-oxide was an efficient promoter, giving yields comparable if not better than 
other amine-N-oxides, however, no enantioselectivity was achieved. Switching the 
solvent to THF allowed the temperature to be lowered to -70°C, which meant that an 
enantiomeric ratio of 28:72 could be achieved. Kerr suggests that the brucine-N-oxide is 
selectively decarbonylating the prochiral complex and that in addition to or alternatively, 
the amine produced could selectively. stabilise the unsaturated co-ordination site. 
Following on from this initial work, a trend became apparent that propargylic alcohols 
gave better enantioselectivities. As a result, Kerr adds to his initial proposal by 
suggesting that there may be a hydrogen bonding interaction between the hydroxyl group 
and a polar functional group on the amine-N-oxide, which directs the approach of the 
amine-N-oxide to the complex, Scheme 51. It was also found that the use of 1,2-DME as 
the solvent further increased the enantioselectivity. 
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Laschat believed that a chiral amine-N-oxide would preferentially remove one of the 
carbonyl ligands based on stetic interaction.102' A Newman projection of the cobalt-
alkyne complex viewed along the alkyne bond 103, Scheme 52, shows that the least 
hindered carbonyl is found at position A. Therefore, the authors tried to investigate 
whether a chiral amine-N-oxide would selectively remove either A or A'. The vacant site 
then allows coordination of the olefin either from the exo face 105a leading to exo 
product 106a, or the endo face lOSe leading to endo product 106b. Endo attack would be 
unfavoured due to the steric interaction between the methylene bridge and the remaining 
carbonylligands. Conformer 105b would also be disfavoured on steric grounds. A range 
of sparteine and oxosparteine-N-oxides were used due to their easy availability from 
naturally occurring (-)-sparteine. Disappointingly, low ee's were obtained, generally 
under 20%, with one exception that gave a maximum of33%. 
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1.5 Nicholas reaction 
1.5.1 Reaction discovery 
R 
106b 
60 
Besides the Pauson-Khand reaction, dicobalt hexacarbonyl-alkyne complexes have seen 
extensive use in organic synthesis due to the enhanced stability of propargylic 
carbocations. 103a-d These Nicholas carbocations, named after their discoverer, are a useful 
synthetic unit as they act as an electrophilic propargylic moiety which can react with a 
wide range of nucleophiles, Scheme 53. Nicholas discovered this phenomenon whilst 
investigating the use of dicobalt hexacarbonyl as a protecting group for the alkyne bond 
as unwanted allenic side products are avoided? 
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1.5.2 Generation and properties of propargylic carbocation complexes 
Nicholas discovered that there was an acid-promoted hydration/dehydration equilibrium 
that existed between complexes of propargyl alcohols and 1 ,3-enynes which suggested 
that a propargyi-Co2(CO)/ cation was present as a likely intermediate, Scheme 54.2'3 
/ 
H' R' ·H' ·~-(OC)3Co / · .•. ,,,,,,, Co(CO}J H2o +H' 
110 111 112 
Scheme 54 
In a subsequent paper, the carbocation salts were isolated as stable, dark red solids by 
treatment of the respective alcohols with an excess ofHF.SbFs or HBF4. 104 The exhibited 
stability is due to a delocalisation of the cationic charge onto one of the cobalt metals. 
This stabilisation is expressed by changes in the IR absorption frequencies of the 
carbonylligands. The carbonyl ligand absorption frequencies for the cations increases by 
40-60 cm"1 compared to that of the analogous alcohols. This shift signifies an increase in 
C-0 bonding due to a decrease in d(Co )--+7t '(CO) donation in electron-deficient cations. 
Extensive studies into the electrophilic character and the reactivity of the cobalt carbonyl 
stabilised propargylium carbocations have been carried out by Mayr. 105 The studies 
probed which nucleophiles would be able to react with the complexes. Generally, 
relatively weak nucleophiles such as allylsilanes or hydrosilanes reacted with the parent 
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dicobalt hexacarbonyl coordinated propargyl cations. However, if one of the carbonyl 
ligands was replaced with a triphenylphosphine moiety, then significantly more reactive 
nucleophiles such as allylstannane and silylketene acetal were needed. It was also shown 
that substituents at the propargylic centre had little influence on reactivity. The authors 
suggest that the dicobalt hexacarbonyl co-ordinated propargyl cations are comparable in 
reactivity to xanthylium 113 and ferrocenylmethylium 114 ions, Figure 9. 
xanthyllum Ion 
113 
/ Figure 9 
~+ 
Fe 
~ 
ferrocenylmethylium Ion 
114 
The increase in wavenumber of the triphenylphosphine substituted complexes, going 
from the alcohol to the cation, is only 30 cm·1 less than the unsubstituted complex ( 40-60 
cm'
1) demonstrating that the triphenylphosphine reduces the electron demand of cobalt. 
The authors also provide tables of reactivity where it can be determined which 
nucleophiles are likely to react with which electrophiles. 
1.5.3 Coupling to carbon centred nucleophiles 
The formation of carbon-carbon bonds utilising the electrophilic nature of the 
carbocations has seen broad coverage in the literature. Silyl enol ethers have been used in 
reactions of a range ofpropargyl ethers,106 acetals107 and aldehydes108 when reacted in the 
presence of a Lewis acid to afford high syn diastereoselectivity. The stereoselectivity is 
due to two controlling factors. The dicobalt hexacarbonyl core does exhibit a small 
amount of control107 but the major factor is the acetylenic substituent. It was observed 
that increasing the size of the substituent led to a marked increase in the syn isomer, up to 
18:1 in one case, Scheme 55.106 Allylsilanes have also been added to produce 1,5-
enynes.109 
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Montana has tried to improve this selectivity by introducing a chiral auxiliary at the 
carbocation, Figure lOyoa-c Ratios of 7:3 to 99:1 were achieved for the syn/anti 
selectivity and in some cases selectivity was seen for the two possible syn isomers. 
/ 
(-)-trans myrtanol 
(18, 28)-10-pinanol (1R, 28, SR)-menthol 
Figure 10 
The Nicholas carbocations have also been seen to react in electrophilic aromatic 
substitution reactions. Dissolution of the salts in anisole at 0°C resulted in the product 
complexes 119a and 119b in good yield.111 Increasing the steric bulk of the carbocation 
resulted in the para product being formed exclusively, Scheme 56. 
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Grove has utilised this methodology to form an aromatic tricyclic system generating a 
quaternary, benzylic carbon via an intramolecular Friedel-Crafts alkylation resulting in a 
cis fused product in high regioselectivity, Scheme 57. 112 
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Y a meta-QCH3 120 
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There have been two reports of the use of these propargylic carbocations in reactions with 
indoles113a,b to produce C-3 substituted indole systems that, following decomplexation, 
can be further manipulated towards a range of natural products such as ilamycins and 
echinulin, Scheme 58.11Ja 
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Attempts have been made to develop a general enantioselective propargylation scheme. 
Utilising an enantionle'rically enriched propargylic alcohol, the. chirality could be 
transferred to the propargyl carbocation and control the stereoselectivity of nucleophilic 
attack. 114 Initial attempts involved the substitution of a carbonyl ligand for a 
triphenylphosphine moiety. Disappointingly, these complexes proved to be unreactive 
towards carbon nucleophiles. Attempts to increase the electrophilicity of these complexes 
and make them more reactive towards carbon nucleophiles, whilst maintaining 
stereocontrol, led to complexes bearing a phosphite ligand, Scheme 59. Subsequent 
formation of the propargylic salt and reaction with carbon nucleophiles led to the 
formation of the desired products in moderate to excellent yield and with moderate to 
excellent diastereoselectivity dependent on the nucleophilic substrate and the size of the 
acetylenic substituent. 
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Krafft has attempted the addition of alkenes to the propargylic carbocations. 115 
Unfortunately, mixtures of regioisomers were formed upon reaction of the cation with 1-
heptene and 2-methyl-1-octene. Interest was turned to the reaction of terminal alkenyl 
acids and esters with the cation. The resulting carbocation 131, would undergo further 
reaction by way of an intramolecular cyclisation to form a lactone 132. Best results were 
obtained upon formation of a five membered ring and where a tertiary carbocation was 
formed in the intermediate 131, Scheme 60. 
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Smit has investigated these reactions by preparing the carbocations by protonation of a 
conjugated enyne.116 I ,3-enyne complexes were initially reacted with an electrophile to 
form the carbocation and this is then trapped by addition of a nucleophile, Scheme 61. 
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Scheme 61 
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1.5.4 Coupling to hetero-atom centred nucleophiles 
Amine nucleophiles have been used for the formation of propargylic amines, although the 
substitution of the nitrogen controls the reaction. 117• Primary amines give rise to the 
possibility of a second propargylic carbocation adding to the amine giving a mixture of 
mono- and bispropargylated products. Secondary amines will react as anticipated and 
produce a propargylic amine. Using this methodology, pyrrole ring systems have been 
synthesised. 117b Reaction of a- and 13-amino acid derivatives with a propargyl alcohol 
cobalt complex generates a propargyl amine-cobalt complex, via the in situ formation of 
a propargylic carbocation, Scheme 62. Further manipulation leads to the formation of the 
pyrrole ring. 
Ph~R 
.· .. , OH 
(OChC :/ . ,,,,,,, Co(C0)3 
Ph, Je 
(OC),C~Co(CO), 
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Scheme 62 
1.5.5 Applications 
1)H(Me)N(CHz)nE 
2)Fe(N03)J.9H20 
34-64% yield 
The Nicholas reaction has been used very successfully in the synthesis of many natural 
d d h . . h 1· 103 S f h pro ucts an as seen extensive coverage m t e 1terature. ome o t e more 
interesting and elegant synthetic routes are detailed below. 
Mukai prepared oxaspiro frameworks via the propargylic carbocation. 118 It is proposed 
that the carbocation species is prepared by use of a Lewis acid, which will cause cationic 
olefin-cyclization assisted by the terminal hydroxy group, Scheme 63. 
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Product Ratio 
A:B 
56:44 
49: 51 
51:49 
83: 17 
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Nicholas chemistry has been used for addition of an alkyne moiety to form folate based 
compounds 141, Figure 11, which are seen as a key intermediate in the synthesis of 
inhibitors of thymidylate synthase, an enzyme that has been targeted in anti-cancer drug 
design. 119 
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Figure 11 
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Isobe has been very active in attempts to synthesise Ciguatoxin, Figure 12, a marine 
natural product that causes the seafood poisoning 'ciguatera', utilising a cobalt-alkyne 
complex strategy. Isobe has divided this large molecule into three ·main sections, which 
have been the focus of his synthetic effort. 
HO 
Figure 12 
The BCDE ring synthesis twice involves Nicholas chemistry to form both the D and E 
rings, Scheme 64. 120• 
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Nicholas chemistry is again used to form the nine membered F ring following a 
convergent synthesis between the E' ring-acetylide and the H' ring-aldehyde, Scheme 
65.!20b.c 
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The HIJ rings are formed follqwing the in situ generation of a propargylic carbocation 
from a propargylic benzyl ether subsequently trapped by intramolecular cyclization, 
Scheme 66. 120d In all three ring syntheses, the Nicholas reactions were highly selective 
giving predominately the syn isomer. 
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2.0 Results and Discussion 
2.1 Heterobimetallic alkyne methodology 
The use of bimetallic alkyne complexes has been widespread in the literature over a 
number of years. Initially the complexes were studied for their structural properties but in 
more recent times their use in organic synthesis has been developed due to their unique 
reactivity. Consequently, bimetallic complexes are now commonplace in the Pauson-
Khand reactiori4 and the Nicholas r~action?·3• 103 Bis-cobalt complexes continue to 
predominate, as they are easily accessible by reaction of an alkyne with dicobalt 
octacarbonyl. Recently, cobalt-molybdenum complexes have seen an increase in usage 
due to their ability to induce stereoselectivity in the Pauson-Khand21 "· 101 and Nicholas 
reactions.121b The analogous cobalt-tungsten complexes have also been shown to control 
stereochemistry in the Pauson-Khand reaction.21 b 
The stereocontrolling effects of the mixed metal alkyne complexes can be explained by 
the inherent chirality of the complex itself. The alkyne sits perpendicular to the metal-
metal bond to form a tetrahedral arrangement in these types of complexes. If the two 
substituents of the alkyne differ then the complex will be rendered chiral, as it would be 
non-superimposable on its mirror image, Figure 13. 
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Co 
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Figure 13 
Previously, heterobimetallic complexes were accessed via an isolobal displacement 
reaction of a Co(CO)J vertex for a MoCp(C0)2 species at elevated reaction temperatures. 
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The MoCp(CO)J' salt was prepared from a reductive cleavage of molybdenum 
cyclopentadienyl tricarbonyl dimer using a Na!Hg amalgam122', or from a thermally 
induced reaction of sodium cyclopentadienide with Mo(C0)6 in refluxing diglyme.122b 
Attempts have been made within our own group to develop a more synthetically viable 
set of conditions. 
Previous work within the group123 involved the cracking of dicyclopentadiene at 175°C 
by a retro Diels-Alder reaction, followed by deprotonation of cyclopentadiene with 
sodium hydride in THF at 0°C. Refluxing of the pink sodium cyclopentadienide salt 153 
with molybdenum hexacarbonyl overnight led to the in situ formation of the MoCp(CO)J' 
salt 154. Addition of the Co2(C0)6-alkyne complex and further refluxing for two hours 
led to the creation of the mixed-metal complexes in moderate yields following difficult 
and complex work-up prOcedures, Scheme 67. 
0 NaH, THF ooc~rt 
R1 R2 
<OC),cao<coh 
Reflux, 2 h 
Scheme 67 
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The method above produces the mixed metal complexes, but is very time consuming. 
Attempts were made to isolate and store the molybdenum anion 154 and to make use of 
this as a stable intermediate in the synthetic pathway that could be used when required. 
The salt could be isolated and stored but it was found that the salt underwent facile 
decomposition in air, which led to poorer yields in the isolobal displacement reaction. 123' 
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2.1.1 Development of adapted Gladysz methodology123' 
Due to the time consuming preparation and messy crude reaction mixtures requiring 
extensive purification, a much quicker, cleaner and simpler route was needed for the 
preparation of the mixed-metal alkyne complexes to make the use of these chiral 
complexes more synthetically appealing. The molybdenum cyclopentadienyl tricarbonyl 
dimer 155 was seen as a stable synthetic intermediate and is commercially available. 
Previously, the Mo-Mo bond was cleaved using a Na!Hg amalgam.122' Gladysz124 has 
shown that metal carbonyl dimers can be reductively cleaved by alkali metal 
borohydrides to produce a metal anion that can go on and react with a range of 
electrophiles to produce alkylated or acylated metals. It is proposed that the reaction 
follows the generalised pathway indicated in Scheme 68. 
/ 
L,(CO),M --M(CO),L, + 2 M'R3BH --- 2 M'[t.,(CO),M] + 2 R3B + H2 
E·X 
E·M(CO),L, 
M'=U,K 
L,(CO),M = FeCp(C0)2, Mn(C0)5, MoCp(CO),, Co(C0)4 
E-X= Mel, (C6H5),SnCI, (CH30)COCOCI, C6H5COCOCI, (CH3),SIBr 
Scheme 68 
Addition of the tri-alkyl borohydride to the metal carbonyl dimer led to complete 
conversion very quickly to the expected anion. The addition of a range of electrophiles to 
the metal anions resulted in the formation of alkylated and acylated metals in generally 
good yields, 56-93%. 
As far as we are aware, this methodology has not been utilised for the preparation of 
mixed-metal alkyne complexes. L-Selectride [Li(sec-Bu)3BH] is a commercially 
available tri-alkyl borohydride that can be used in situ to cleave MozCpz(C0)6 into the 
[MoCp(CO)J]' salt 154, which can then be reacted with a Co2(C0)6-alkyne complex. 
Molybdenum cyclopentadienyl tricarbonyl dimer 155 was prepared following a standard 
literature procedure, Scheme 69. 125 Oxidative coupling of the molybdenum salt 154 is 
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induced by addition of a filtered solution of water, acetic acid and hydrated iron (Ill) 
sulfate which produces MozCp2(C0)6 155, a purple precipitate which is collected by 
vacuum filtration and then washed with water, methanol and hexane to give the desired 
compound as a purple solid in 41% yield, Scheme 69. If required the purple powder 
produced can be recrystallised from acetone with negligible loss in yield. 
Mo(CO)o [~ror CO r e reflux 2 h Fe2(S04)3.9H20 ~~~ Diglyme AcOH, H20 41% Mr-Mr~ CO CO 
153 154 155 
Scheme 69 · 
/ 
Addition of L-Selectride to a THF solution of the molybdenum dimer 155 produces the 
monomeric anion in a virtually instantaneous reaction. The reaction can be followed 
visually as the solution turns from the purple colour of the dimer to the orange colour of 
the anion. Addition of the Coz(C0)6 -alkyne complex then refluxing for one to two hours 
results in the formation of the rriixed-metal complex, Scheme 70. 
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Table 9- Isolobal displacement utilising adapted Gladysz methodology 
R R Co/Mo-alkyne complex Yield(%) 
H CHzOH 156 68 (65f"1 
H Ph 157 61 (58i"1 
H (CHz)JCHJ 158 62 (61)(a) 
H cat) Menthyl 99 85 (78)(a) 
CHJ CHJ 159 92 (66i•l 
Ph Ph 160 89 (65i•> 
H CHzCHzOH 161 48 
H CHzCH(OH)CHzOBn 162 56 
• H C(O)CH3' 163 36 
CHJ CH(OEt)z 164(b) 77(b) 
CHJ CH=CHCOzMe 165 76 
Et C(O)CH3 166 54 
Ph CH(OEt)z 167 81 
Ph C(O)CH3 168 76 
(a) results in parentheses obtained from previous isolobal displacement method (b) the aldehyde was 
isolated 
From the results shown in Table 9, it can be seen that a wide range of functionality is 
tolerated including ethers, alcohols, ketones, aldehydes, esters and aryl groups for both 
terminal and internal alkynes. Propargylic acetals yielded the analogous aldehyde, which 
we believe is due to in situ deprotection during work-up and flash silica column 
chromatography. Improved yields were obtained over the previous isolobal displacement 
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methodology. This is attributed to the more efficient conversion of the molybdenum 
cyclopentadienyl tricarbonyl dimer 155 to the corresponding salt, compared with NaCp 
reacting with Mo(C0)6 under thermal conditions. Reactions also proceed more cleanly 
than before with fewer degradation products being formed during the reaction. With the 
improved reaction profile, lengthy aqueous work-up procedures were not needed and 
filtering through celite and silica before column chromatography was sufficient. In 
certain cases, the use of K- rather than L-Selectride has further improved reaction 
conditions. 
On a large scale however, where reactions have been scaled up to 2 g, large quantities of 
trialkyl boranes were produced which led to a violent reaction with air upon filtering. 
This led to decomposition oflarge quantities of the heterobimetallic alkyne complexes. 
/ 
2.1.2 Preparation of stereoenriched Co/Mo-alkyne complexes 
Our attention was turned towards investigating the possibility of forming 
diastereomerically enriched mixed metal alkyne complexes via this new methodology. 
McGiinchey has shown that camphor derived alkynols produce a diastereoselective 
isolobal displacement, 126 however, only a 2: I ratio was obtained, Scheme 71. 
(C5Hs)Mo(C0h. 
+ 
~M, 
~CO 
Scheme 71 
We believed that the substitution pattern on the Co2(C0)6-alkyne complexes would 
control the level of selectivity obtained by directing the approach of the molybdenum 
anion. Consequently, the displacement reaction was attempted on a range of simple 
substituted alkynols that were commercially available. 
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Initial attempts within the group123b towards this displacement were carried out at 
ambient temperature. Complexation of the alkynols to Co2(CO)s resulted in the formation 
of the Coz(C0)6·alkyne complexes 169-172 in excellent yields. The molybdenum 
cyclopentadienyl tricarbonyl dimer 155 was cleaved using the adapted Gladysz 
methodology, followed by the addition of the Coz(C0)6·alkyne complexes. The resulting 
reaction mixture was left to stir at ambient temperature for a further four to six days, 
Scheme 72. 
HO H 
. OH 
Mo,Cp,(CO)a 
<""R' 
Co,(CO)s H L or K-Selectride H 
DCM, RT THF, rt, 4--6 d 
H 
,,,,,,/ _..........eo 
R' J)§;JJ 
169-172 173-176 
/ 
Scheme72 
Table 10- Coz(CO)s complexations and isolobal displacements of chiral alkynols 
RI Rz Coz-alkyne Yield(%) 
Co/Mo-alkyne 
Yield(%) de(%) 
complex•. complex 
H Me 169 quant. 173 41 33 
H i-Pr 170 89% 174 56 (a) 74 
H Ph 171 quant. 175 48 (a) 30 
Me t-Bu 172 quant. 176 0 
(a) Based on recovered starting material 
Initial yields were disappointing and the extended reaction times were unsuitable for a 
viable procedure. Only moderate diastereoselectivities were achieved and these were 
comparable to those obtained by McGlinchey.126 
Alternative investigations were therefore undertaken. It was hoped that the yields would 
be increased by the use of thermal conditions, as this would reduce reaction times to a 
few hours rather than several days. Yields were greatly improved under refluxing 
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conditions and diastereoselectivities in general were comparable to those obtained at 
ambient temperature ·and those of McGiinchey except for where R2 = iPr, Scheme 73 and 
Table 11. 
RI 
H 
H 
H 
Me 
HO 
169-172, 177 
Mo,Cp,(CO)a 
L or K-Selectride 
THF, rt-reflux, 
1-2 ll 
Scheme 73 
HO 
173-178, 178 
Table 11 - Isolobal displacement of chiral alkynols under thermal conditions 
Rz / Co/Co-alkyne Co/Mo-alkyne Yield(%) de(%) ' 
complex complex 
Me 169 173 48 36 
i-Pr 170 174 55 6 
Ph 171 175 50 71 
t-Bu 172 176 34 24 
Camphor 177 178 32 2 
Table 9 shows that alcohols do not undergo the isolobal displacement reaction very 
readily and only moderate yields of the mixed-metal alkyne complexes have been 
isolated. The yields shown in Table 11 are comparable to those obtained previously. At 
this point it is unclear why there is a difference in the diastereoselectivity at the different 
temperatures for some of the substrates, however the results are reproducible. It can be 
cautiously postulated that the molybdenum anion approaches past the smaller of the 
propargylic substituents. The only conclusion that can be made in the case of complexes 
173 and 176 is that the temperature plays no significant role in the diastereoselection 
process as diastereomeric ratios of approximately 2:1 (33% de) are obtained whatever 
temperature is used. For complexes 174 and 175 it appears that temperature controls the 
levels of diastereoselectivity produced. Complex 174 exhibits a loss of 
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diastereoselectivity, while complex 175 exhibits an increase in diastereoselectivity. 
Analysis of the 1H NMR spectrum for complex 174 shows that the opposite isomer is 
obtained as the major isomer under the two sets of conditions. 
Attempts were made to improve the yields of the displacement reaction carried out at 
ambient temperature. It was believed that the molybdenum anion produced upon cleavage 
of the molybdenum cyclopentadienyl tricarbonyl dimer might not have been sufficiently 
reactive at ambient temperature because the anion is stabilised by a potassium counter-
ion. It was envisioned that the addition of 18-Crown-6 would sequester the potassium 
cation and increase the reactivity of the nucleophilic molybdenum anion. When the 
isolobal displacement was attempted, a high of 12% yield was attained. 
We wondered whether )he hydroxyl group was playing a key role in the displacement 
reaction by directing the incoming nucleophile through prior coordination to the 
molybdenum anion. Substitution of the alcohol group would inhibit any hydrogen 
bonding that may be influencing the stereochemistry. The hydrogen bonding may arise 
between the hydroxy groups of neighbouring molecules or possibly between the hydroxy 
group and a carbon monoxide .. ligand. Methylation was carried out utilising standard 
Nicholas methodology. To a DCM solution of alcohol complexes 169-171 at ambient 
temperature, was added boron trifluoride diethyl etherate, followed by methanol, which 
gave the analogous methoxy complexes 179-181 in excellent yields, Scheme 74. With 
the newly formed methoxy complexes 179-181 in hand, the isolobal displacement 
reaction was carried out under thermal conditions, Scheme 74 and Table 12. 
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Table 12 - Isolobal displacement of complexes 179-181 under thermal conditions 
RI R2 Co/Co-alcohol Co/Co-methoxy Yield Co/Mo-methoxy Yield 
complex complex (%) complex (%) 
H Me 169 179 88 182 61 
H ipr 170 180 88 183 46 
H Ph 171 
' 
/ 181 89 184 53 
80 
de 
(%) 
17 
31 
47 
As can be seen from the results above, the yields of the displacement reaction are 
comparable to those obtained in the previous case, although the diastereoselectivity 
achieved followed different trends. For complexes 182 and 184 the diastereomeric ratio 
has decreased. However, for the iso-propyl complex 183, the diastereomeric ratio has 
increased. The methoxy moiety would be larger than the hydroxy group present in the 
previous cases thereby possibly holding the conformation of the molecule in a more rigid 
structure and not allowing any movement due to steric interactions. As a result this would 
have a better directing effect on the approach of the incoming molybdenum anion. This 
could lead to the increase in the observed diastereoselectivity. 
2.1.3 Generation of Co/W-alkyne complexes 
Cobalt-tungsten complexes have been used in the intermolecular Pauson-Khand reaction 
to impart a high degree ofregiocontrol and stereocontrol.2lb Attempts were made towards 
the formation of Co/W-alkyne complexes using the adapted Gladysz methodology. 
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The tungsten cyclopentadienyl tricarbonyl dimer 185 was prepared usmg the same 
literature procedure125 as in the case of the analogous molybdenum dimer 155, although 
extended reaction times were necessary. Dicyclopentadiene was cracked at 175°C via a 
retro Diels-Alder reaction, which was followed by deprotonation of the cyclopentadiene 
to form sodium cyclopentadienide. Tungsten hexacarbonyl was added and the resulting 
reaction mixture was refluxed for five hours. Oxidative coupling of the tungsten salt was 
effected by the addition of a filtered solution of water, acetic acid and iron (III) sulfate. 
WzCpz(C0)6 185 was isolated as a purple powder in 31% yield, Scheme 75. 
175"C 
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/ 
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eo eo 
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With the tungsten cyclopentadienyl tricarbonyl dimer 185 in hand, attempts were made at 
the isolobal displacement reaction using adapted Gladysz methodology. Initially, dicobalt 
hexacarbonyl 1-hexyne was used as the reaction substrate. Using the same reaction times 
as for the molybdenum reactions, the mixed-metal complex 188 was isolated in 6% yield, 
Scheme 76. 
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Due to this limited success, further reactions were attempted to optimise the reaction. 
Isolobal displacement of dicobalt hexacarbonyl-1-phenyl-prop-2-yn-1-ol 171 resulted in 
the formation of the mixed-metal complex 189 in 23% yield. The reaction was refluxed 
for three hours rather than two hours, as had previously been the case. With this 
improved result, two f~;ther substrates were investigated, the results produced given in 
Table 13. 
Table 13 - W2Cp2(C0)6 isolobal displacements 
Alkyne Co/Co-alkyne complex Co/W-alkyne complex Yield(%) 
1-Hexyne 187 188 6 
1-Phenyl-prop-2-yn-1-ol 171 189 23 
1-Phenylethyne 13 190 20 
But-2-ynal 191 192 36 
Despite the initial results with this small range of substrates, it appears that the reaction is 
not as efficient as the analogous reaction with the molybdenum anion. Further work is 
necessary to optimise the reaction conditions to obtain the best possible yields. 
2.2 Uses of inherently chiral complexes as chiral auxiliaries 
It has been shown previously that heterobimetallic21 •101 and desymmetrised metal-alkyne 
complexes95' 100 have been effective in the Pauson-Khand reaction to direct the 
stereose1ectivity of the cyclised products. Interest has focused on extending the use of 
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these hybrid complexes for more general organic transformations. It was thought that the 
inherent chirality of the metal core would allow the complex to act as a chiral auxiliary 
and impart a degree of stereocontrol at a more remote centre. 
The propargylic position of the alkyne appeared to be the most obvious target for organic 
transformations. There have been many reports in the literature of the formation of 
stereocentres at the propargylic position by a stereoselective addition of nucleophiles to 
propargylic aldehydes including the use of titanium catalysts,1273"" boron reagents127d and 
metal catalysed ene reactions. 127' In order to investigate the stereocontrolling effects of 
the inherently chiral metal core, Grignard and organolithiums were added to the 
complexed propargylic aldehyde to produce chiral alkynols, Scheme 77. 
2.2.1 Nucleophilic addition 
·' 
to desymmeterised metal-alkyne propargylic 
aldehyde123d 
Initial attempts by previous members of the group123a,b were directed towards the use of 
heterobimetallic Co/Mo-but-2-yn-1-al 164. The required aldehyde was simple to make. 
Complexation of commercially .available 2-butyn-1-al diethyl acetal in quantitative yield, 
followed by isolobal displacement utilising the alkyl borane methodology described 
previously, gave the required aldehyde 164, in 60-69% yield, after the in situ deprotection 
of the acetal upon flash silica column chromatography, Scheme 77. 
The complexed aldehyde 164 was exposed to a range of Grignard and org:;tnolithium 
reagents in THF at -78°C. The reactions proceeded quickly but were generally left for 
one hour. Due to the diastereoisomers being inseparable, the diastereomeric ratios were 
determined from NMR data. Generally, the reaction proceeded in excellent yield and with 
good diastereoselectivity, Table 14. As expected, the larger the nucleophile, the greater 
the diastereocontrol, Scheme 77. 
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Table 14- Addition ofGrignard imd organolithium reagents to Co/Mo-but-2-yn-1-al(a) 
Co/Mo-alkynol Nucleophile Yield (%)(6) de(%) 
194 n-BuLi 
195 MeMgBr 
196 / PhLi 
195 MeLi 
196 PhMgBr 
197 i-BuMgBr 
198 MeCCMgBr 
72 
94 
98 
95 
98 
95 
64 
63 
72 
75 
62 
69 
92 
33 
(a) Reactions performed by D.T.R 123' ,and A.J.F 1236 (b) Reactions carried out at -78°C in THF. 
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Attempts were made to investigate the origin of the diastereocontrol. An X-ray crystal 
structure, Figure 14, of the starting aldehyde 164 shows, as expected, the alkyne sitting 
perpendicular to the two metal centres. It can also be seen that the oxygen of the aldehyde 
lies in a syn orientation towards the two metal centres. Unfortunately, X-ray structures of 
the products could not be obtained due to the inability to grow sufficiently good crystals 
for X-ray analysis. Cautious proposals have been suggested that the nucleophile 
approaches away from the molybdenum and the large cyclopentadienyl ring, thereby 
minimising any steric interactions. 
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Figure 14 
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Inspired by this early ~uccess we were interested in improving the diastereocontrol and 
the possibility of obtaining X-ray crystal structures for both the starting aldehyde and the 
newly formed alkynol. Subsequent investigation involved the use of Co2(C0)5(PPhJ)-
propargylic aldehydes. Again, the metal core is inherently chiral due to the two cobalt 
atoms being differentiated be~een by addition of a triphenylphosphine ligand to one 
vertex. The triphenylphosphine ligand is much larger than the corresponding 
cyclopentadienyl ligand used previously, and consequently should increase the 
diastereoselectivity. The triphenylphosphine ligand should also help in the crystallinity of 
the complexes. The two desired aldehyde complexes were prepared as described in 
Scheme 78. 
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Complexation of but-2-yn-1-al diethyl acetal with Co2(C0)8 by stirring in DCM at 
ambient temperature gave the resulting complex acetal 193, which was deprotected upon 
addition of a catalytic amount of p-toluene sulfonic acid and water to give the desired 
' 
aldehyde 191 in 72% yield. Aldehyde 201 can be formed by one of two methods, a Jones 
oxidation of propynol gives propynal128 which can be subsequently complexed with 
Co2(CO)s. Alternatively, propynol can be complexed to give 200, which can then be 
subjected to Swem oxidation conditions to give aldehyde 201.85"· 129 In this case, initial 
complexation followed by Swem oxidation was the route of choice due to higher yields 
being obtained. Both aldehydes can then be desymmeterised by reaction of the respective 
complexes with triphenylphosphine at elevated temperatures (50°C) to allow exchange of 
a carbonyl ligand for triphenylphosphine to form complexes 199 and 202 respectively.130 
With the desired complexes in hand, a series of Grignard and organolithium reagents 
were reacted in THF at -78°C for one hour. Excellent yields and diastereoselectivities 
were achieved with the Grignard reagents, Scheme 79 and Table 15. 
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Table 15- Addition of Grignard reagents to Co2(C0)5(PPh3)-RC=CCHO 
R Nucleophile Product Yield (%i•l de (%i61 
Me MeMgBr 203 94 85 
Me EtMgBr 204 96 87 
Me i-BuMgBr 205 74 >95 
Me PhMgCl 206 95 >95 
H MeMgBr 207 89 88 
H PhMgCl 208 96 >95 
(a) Reactions were carried out at -78°C in THF. (b) Diastereomeric ratios calculated by weight where 
separable or by 1H NMR analysis wheye inseparable 
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Disappointingly, organolithium reagents led to the recovery of starting aldehyde or 
decomposition of the complexes altogether. Darensbourg and Darensbourg131 have 
studied the reactivity of organolithium reagents with transition metal carbonyls. The force 
constants of a range of metal carbonyls were measured. It was found that increasing the 
cr-donor strength of the carbonyl led to an increase in the force constant. Decreasing the 
metal-carbonyl 11-bonding also resulted in an increase in the force constant. These two 
effects result in the reduction of the electron density around the carbon of the carbonyl 
ligand causing an increase in the positive charge. Substitution of a carbonyl ligand caused 
the force constant to fall in the remaining carbonyl ligands, reducing the positive charge 
on the carbon. Phosphine ligands are strong cr-donors and weak 7t-acceptors. Therefore, 
substitution of a carbonyl ligand for a phosphine ligand would result in an increase in the 
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force constant. This increase in force constant would allow the remaining carbonyl 
ligands to become more susceptible to attack by nucleophiles. 
Table 15 shows, as expected, the larger the incoming nucleophile, the greater the degree 
of stereocontrol achieved. In some instances, the diastereoselectivities obtained are 
significantly better than some of those achieved previously with the analogous Co/Mo-
alkyne complexes. The presence of the triphenylphosphine ligand did make the starting 
material and products more crystalline. Consequently, suitable crystals were grown for 
X-ray analysis. The X-ray structures have assisted in proposing reasons for the observed 
diastereoselectivity. 
From the X-ray structure of the starting aldehyde 199, Figure 15, it can be seen that the 
complex forms the exp~cted tetrahedral core arrangement, with the aldehyde orientating 
itself so that the oxygen is in a syn position with respect to the two metal centres. As a 
result, the two metals shield the alkyne and the lower face of the aldehyde. The bulky 
triphenylphosphine ligand would presumably direct the incoming nucleophile to 
approach on the much less hindered side, on the top face, anti to the metal centres. 
Cl241 
Figure 15 
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The X-ray structure of the product 206, Figure 16, formed from addition of PhMgCl to 
199, shows that the phenyl group is now syn to the Co(C0)3 vertex, away from the 
bulkier cobalt-triphenylphosphine vertex, thereby suggesting that it has indeed 
approached past the smaller metal centre. 
Figure 16 
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Comparing these X-ray structures with the Co/Mo-alkyne complexes investigated 
previously, the same reasoning could be applied. In both of the starting aldehyde 
complexes, the oxygen is orientated in a syn position in relation to the metal centres. The 
cyclopentadienyl ligand could be acting similarly to the triphenylphosphine ligand and 
blocking one face of the complex to attack, in so doing, directing the attack of the 
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nucleophile past the much smaller vertex, Figure 17. This reasoning is postulated on the 
basis of the X-ray structures. In the solution phase the aldehyde has a degree of freedom. 
Grignard additions were also attempted on the analogous Coz(C0)5(PPhJ)-
phenylpropargyl aldehyde. The starting aldehyde complex 211 is prepared following the 
method used previously, via complex 210, Scheme 80. 
Ph·--==--<( Et 
OEt 
1) Co,(CO)s, DCM 
2) pTSAIH20, OCM 
72% 
/ 
Ph 
210 
Scheme 80 
0 
PPh3, 0.8 eq 
THF, so·c 
81% 
0 
211 
Unfortunately upon addition of the Grignard reagent, no reaction took place and only 
starting material was isolated from the reaction mixture. It is unclear why no reaction 
took place, however, it can be postulated that there would now be a large amount of steric 
interactions all around the metal core of the complex. This would mean that the incoming 
path of attack of a nucleophile to the aldehyde carbonyl moiety would be completely 
blocked. 
Reactions involving propargylic aldehydes have been seen in the literature previously. 
Nicholas108" and Hanaoka108b,c have introduced silyl enol ethers to generate secondary 
alcohols, the diastereoselectivity achieved was controlled by the prochiral metal core. 
Nicholas has gone on further by addition of triphenylphosphine to a range of chiral 
secondary alkynols to produce diastereomeric complexes. 130 The substituents present 
directed the approach of the phosphine onto the least sterically hindered cobalt atom, 
Scheme 81. 
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Scheme 81 
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OH 
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(Ph3P}(0C}Cil'o ~---""'( 
R1=H 207', 208' 
R1=Ph 216' 
Table 16- Preparation of diastereomeric [(R1C=CCH(OH)R2)Coz(CO)s(PPhJ) via 
Nicholas methodology 
Co/Co(P)-alkyne complex RI R2 Yield (%/a) de(%) 
207, 207' H Me 87 80 
208, 208' H Ph 93 60 
215 / H 'Bu 84 >95 
216, 216' Ph Me 99 10 
217 Ph ipr 92 >95 
(a) Yield after chromatography 
91 
H 
If Nicholas' results are compa{ed to those presented here, Table 16 and Table 15, as 
determined by NMR analysis in the case of complexes 207 and 208, the same major 
isomer is formed in both cases. One drawback of the Nicholas work was that the bis-
phosphinated complexed alcohol was also formed which eluted between the two alcohol 
diastereoisomers on chromatography. With the method described above, the formation of 
bis-phosphinated complex is prevented by phosphine addition to the complexed 
aldehyde. The results presented here also give better yields and diastereoselectivities in 
some instances than the analogous Nicholas results. 
Kerr has also prepared similar complexes.132 During his studies towards the use of a 
chiral amine-N-oxide in the Pauson-Khand reaction, it was discovered that a chiral 
amine-N-oxide could selectively decarbonylate one of the cobalt vertices in a dicobalt-
alkyne cluster, Scheme 82. Kerr used this methodology to prepare enantiomerically 
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enriched phosphine substituted complexes that were subsequently used in the Pauson-
Khand reaction to prepare optically enriched cyclopentenones. 
Brucine-N-Oxlde 
oc.H~Rco 
"~~~/ C<f Co 
Ph,,....- \ I ......... CO 
CO OC 
Scheme 82 
2.2.2 Nucleophilic additions to metal stabilised propargylic carbocations 
The controlling effect that the inherently chiral Co/Mo-alkyne complexes can have on 
diastereoselective nucleophilic additions to propargylic aldehydes has been discussed 
previously. From this, ,oonsideration was given to how these complexes could be used 
further in organic transformations. There is literature precedent to support the possibility 
of addition of silyl enol ethers to propargylic aldehydes and acetals. 107•108" However, 
attempts at this on the analogous Co/Mo-complex have led to very limited success, 
thereby highlighting that there are electronic differences between the Co/Mo-alkyne 
complexes and Co/Co-alkyne complexes. 
There has been a vast amount published in the literature concerning the formation and 
additions to propargylic carbocations of Co/Co-alkyne complexes, better known as the 
Nicholas reaction. 103"-d Much of this work has involved the removal of a propargylic 
alcohol moiety to form the carbocation. In general, the carbocation has been formed in 
situ by addition of boron trifluoride diethyl etherate to a solution of the. complex, the 
carbocation then being trapped by a range of nucleophiles.' However, it has been shown 
possible to isolate the analogous Co/Mo-propargylic carbocation. 101 •121 •133 Addition of 
tetrafluoroboric acid to an ether solution of a Co/Mo-propargyl alcohol 156 results in the 
formation of an orange precipitate 100, which can be filtered and then stored at room 
temperature indefinitely, Scheme 83. It was subsequently shown that the isolated 
carbocation was reactive towards a range of oxygen, sulfur and nitrogen nucleophiles. 101b, 
121 
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Scheme83 
""" Acetooe 
aDCM 
101 
Table 17 -Addition ofnucleophiles to propargylic cation 100 
Entry Nucleophile Yield(%) 
A 'PrOH 74 
B Ph OH 60 
c ;PrSH 45 
D / Benzotriazole 71 
93 
Mayr has published extensive studies105' on the electrophilicity of cobalt carbonyl 
stabilised propargylic carbocations by investigating the reaction kinetics during the 
addition of a range of nucleophiles. It is reported that the reactions followed second-order 
kinetics, first-order with respect to the carbocation and first order with respect to the 
nucleophile. 
Mayr noticed that relatively weak nucleophiles such as allylsilanes or hydrosilanes 
underwent addition to the his-cobalt propargylic carbocation, while considerably more 
reactive nucleophiles such as allylstannane or tributylstannane were required to obtain a 
sufficiently fast reaction with the triphenylphosphine-coordinated cation. 105' The 
presence of any substituents at the propargylic carbon has no effect on the reactivity of 
the cation. The reduced electrophilicity of the phosphine substituted complex has been 
described by Nicholas, 134 but Mayr found that the reactivity was reduced by a factor of 
105 with respect to the analogous his-cobalt complexes. Nicholas attributes this lower 
reactivity to an enhanced stability caused by the replacement of a weakly donating! 
strongly n-accepting carbonyl ligand by a stronger donating/weaker n-acceptor 
triphenylphosphine ligand. Therefore, a more electron rich complex is formed. IR studies 
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of the metal-carbonyl stretches showed that going from the alcohol precursor to the 
cation complex of the phosphinated complex results in a shift to a higher frequency of 
15-30 cm·'. A much larger shift of 50 cm·' is seen in the corresponding Coz(C0)6 
complexes. This difference in shift indicates that the triphenylphosphine ligand reduces 
the electron demand of the cobalt in the phosphinated complexes. NOE experiments 
show that the positive charge is stabilised onto the Co(CO)z(PPh3) vertex, as there is a 
closer proximity between the C3, C1 and phosphine aromatic protons. 
If the Co/Mo heterobimetallic cluster is now considered, in view of reactivity, there are 
certain similarities and differences between these and other bimetallic clusters. Firstly, if 
the reactivity is examined, by comparing the metal-carbonyl IR stretches of the three 
complexes shown below 171, 208 and 175, Figure 18, then it can be seen that the 
Co/Mo-alcohol comple;e has lower metal carbonyl stretches than the analogous two 
complexes thereby showing that there is less electron demand in the Co/Mo-complex 
than the other two complexes. However, upon protonation of alcohols 156 and 196, the 
metal-carbonyl stretches shift to a higher frequency by approximately 50 cm·'. This 
places them on a similar standing as the phosphinated complexes described earlier. 
Therefore, these two bimetallic complexes should have similar reactivity. 
Metai-Cart>cnyl 
IR stretches 
H 
H 
171 208 
Metal-carbon11 
IR stretches 2094, 2052, 2022 2063, 2010, 1963 
H~OH 
{OC)JCo MoCp(C0)2 
158 
2050, 1992 
ee 
H~CH2BF4 
(OC)JOJ~MoCp{COJ2 
100 
2097, 2027 
Figure 18 
HO 
175 
2048, 1980, 1888 
HO 
198 
2044, 1975, 1929 
e 
BF4 + ,,.,,11\H 
Ph 
218 
2093, 2054, 2034 
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Mayr published105' a single result showing that the TMS enol ether of cyclohexanone 
would add to complex 219, Scheme 84. Nicholas tried the same reaction but found that 
no reaction occurred and suggests the use of a phosphite ligand in an attempt to increase 
reactivity. 
56% 
+ 
8 TMS 
Qc_ H~.' ··•. /(!)CO Ph BF, + ,::P' 
" ..:- ,,,,,,1 
c~- eo 
oc/ 1 / ""'-PPt; 
CO OC 
/ 
219 
220b 
Scheme84 
We attempted the reaction and obtained comparable yields of220 to that ofMayr. It was 
envisioned that carbon-carbon bonds would be formed upon addition of enol ethers to the 
analogous Co/Mo-propargylic carbocation. Due to the inherent chirality of the tetrahedral 
metal-alkyne core, it was hoped that the additions would occur in a stereoselective 
manner. 
The propargylic carbocation 100 required could be easily prepared from propargyl 
alcohol, Scheme 85. Stirring of propynol in DCM at room temperature with Co2(CO)s 
leads to the complexed alcohol 200 in 91%. Isolobal displacement of a Co(C0)3 vertex 
by MoCp(C0)2 following the adapted Gladysz methodology described previously 
resulted in the mixed metal complex 156 being formed in 58% yield. Dissolution of this 
complex in diethyl ether and cooling to 0°C followed by addition of tetrafluoroboric acid 
caused the formation of the propargylic carbocation 100, which is an orange precipitate 
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that was isolated by filtration, giving a yield of78%. The Co/Mo-propargylic carbocation 
100 can be stored at room temperature indefinitely with no decomposition. 
200 
Me:zCP2(C0)6 
la- K..Selectride 
THF, rt-reflux 
56% 
156 
Scheme 85 
Et20, o·c. 30 min 
76% 
100 
Addition of the TMS enol ether of cyclohexanone, which is commercially available, to 
the Co/Mo-propargyl salt was carried out by dissolving the carbocation 100 in DCM and 
cooling to 0°C followed by addition of the enol ether and leaving the resulting solution to 
stir at 0°C for one hou~,Scheme 86. After this time, the reaction was filtered through a 
plug of celite and purified by column chromatography. As can be seen from Table 18 
below, a range of conditions was used with varying degrees of success. 
ee HACH,BF, 
0 ..... ~ i · ,,,,,, _..........eo C Mo>§;JJ 
oc/ . /:0 
CO OC 
100 
1 h 
Conditions 
221a 
Scheme 86 
0 
+ 
221b 
Table 18- Addition ofTMS protected cyclohexanone to Co/Mo-carbocation 100 
Co/Mo Complex Temp. (°C) Solvent Additive Yield(%) de(%) 
221 0 DCM 27 18 
221 RT DCM 14 36 
221 0 DCM BFJ.EhO 5 
221 -78 DCM 59 34 
221 0 MeCN 9 
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Boron trifluoride diethyl etherate was used as it was thought that this would help to 
remove the silyl group and make the double bond more reactive. It appeared as though 
the orange solid of the carbocation was not dissolving completely in DCM. Acetonitrile 
was thought to be a better solvent for the reaction but low yields were still obtained in 
this case. In the two instances where the diastereomeric excess has been omitted in the 
table, the 1H NMR spectrum were not clean enough to calculate the diastereomeric excess 
accurately. 
A slight diastereomeric ratio was obtained although this appeared to be independent of 
the temperature used for the reaction. It can be postulated that the inherent chirality of the 
heterobimetallic complexes has controlled the stereocheniistry at the homopropargylic 
position following addition of a silyl enol ether. This shows that the mixed metal 
complexes can control;tereochemistry at positions further away than the propargylic 
position as has been described earlier. 
It has been mentioned earlier that the presence of substituents at the propargylic carbon 
will have no effect on the reactivity of the cation. 105•· 134 To see if the same was true with 
the Co/Mo-propargylic carbocation, a range of secondary alcohols were prepared 
utilising the Grignard methodology discussed previously. Comparable yields and 
diastereomeric ratios were obtained to those achieved previously. The cations 218, 223-
225 were then formed by addition of tetrafluoroboric acid, generally in good yield, 
Scheme 87. 
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• 
226'·229' 
164 
OCM, o•c, 1 h 
RMgX 
THF, ·78'C, 1 h 
~ 218, 223·225 
Scheme 87 
HO 
195,196,197, 222 
HBF •. Et20 
Et20, o·c. 30 min 
218'. 223'·225' 
Table 19- Cation formation and enol ether addition to CoMoCp(CO)s-alcohols 
Grignard addition Cation formation Enol ether addition 
Co/Mo- Yield Co/Mo- Yield Co/Mo- Yield 
98 
R de(%) (%)(a) de(%) alcohol (%) cation (%) ketone 
Me 195 69 57 223 73 226 49 
Et 222 73 83 224 62 227 53 
i-Bu 197 75 81 225 71 228 59 
Ph 196 45 67 218 81 229 20 
(a) Based on recovered Co/Mo-alkyne complex 
The table shows that the Co/Mo cation can be formed in good yields. Addition of the 
TMS enol ether of cyclohexanone results in moderate yields of alkylated product. The 
diastereomeric ratio of the alkylated product is difficult to measure in this case. 
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Complexes 226-229 have three chiral centres: the inherently chiral metal core, the 
propargylic carbon and the a-position of the carbonyl, resulting in eight isomers possibly 
being formed. Due to enantiomers being produced, only four isomers were seen by thin 
layer chromatography, however, column chromatography still proved difficult as the 
fractions eo-eluted and clear separation was unobtainable and therefore the ratio of 
diastereoisomers could not be calculated. The diastereomeric excess could not be 
calculated from the 1H NMR spectrum, as clear individual signals were not obtained. 
Generally, there is no major difference in the reactivity of the cations, irrespective of the 
substi tuent present at the propargylic carbon. 
Mayr1058 described the addition of a range of nucleophiles to varying cobalt carbonyl 
derivatives. However, he was more interested in investigating the nucleophiles rather 
than the Coz(C0)6-alk);'lle complexes. It was shown that the enol ethers should react well 
with the cobalt carbonyl derivatives. It was observed that enamines were the most 
reactive nucleophiles used. Krafft115 has shown that alkenes will react with the stabilised 
cations and Roth135 has added aldehydic N.N-dibenzylenamines to stabilised propargylic 
cations. In this second paper, the intermediate iminium ions were trapped with Grignard 
reagents and cyano compounds. We envisioned that the addition of enamines to the 
heterobimetallic complexes would help to improve the yields of alkylated product due to 
this increased reactivity. 
Enamine additions were carried out using the commercially available 1-morpholino-1-
cyclohexene. The enamine was added to a stirred DCM solution of the respective cation 
at 0°C. Upon addition, the resulting solution darkened in colour but the reaction mixture 
was left to stir for one hour to ensure complete reaction. Purification of the crude reaction 
mixture was achieved by filtration through celite and column chromatography, Scheme 
88 and Table 20. The diastereoisomers were inseparable by column chromatography and 
therefore the diastereomeric ratio could not be calculated. Again, clear signals were not 
present in the 1H NMR spectrum, consequently, preventing the calculation of the 
diastereomeric excess. 
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Table 20- Enamine addition to 100 and 218, 223-225 
R RI Enamine Co/Mo-ketone Yield (%i'> de(%) 
H H 230 221 68 28 
Me Me 230 226 77 -(b) 
Me Et 230 227 64 -(b) 
Me i-Bu 230 228 89 -(b) 
Me Ph 230 229 60 -(b) 
H H 231 232 70 20 
(a) Based on recovered Co/Mo-alkyne complex (b) de not measurable 
The expected alkylated products 226-229 and 221 were obtained in improved yields to 
those attained upon addition of the enol ether. Again the iso-butyl substituted cation 
provided the best yield and phenyl the worst. The diastereomeric ratio for a!kylated 
product 221 improved over the corresponding reaction with the enol ether at 0°C. The 
addition of 1-morpholino-1-cyclopentene gave a similar yield 232 and slightly lower 
Heterobimetallic Alkyne Complexes and their use in Asymmetric Synthesis 101 
diastereomeric ratio to that obtained with the cyclohexene derivative 221. The same 
reaction could possibly be attempted with a cycloheptene ring to see if an increase in 
diastereomeric excess was obtained. This would help to show if ring size was involved in 
the stereoselection of the reaction. 
In an attempt to measure the diastereoselectivity of the organic fraction of the complex 
the metal core was removed by an oxidative method to give the uncomplexed alkynes. 
Complexes 226-229 were dissolved in acetone and cooled to 0°C. Ceric ammonium 
nitrate (CAN) was then added in small portions over fifteen minutes. The resulting 
reaction mixture was left to stir at 0°C for a further one hour or until the disappearance of 
all complex spots by thin layer chromatography. After the removal of acetone, the crude 
mixture was quenched with 0.5M sodium hydrogen carbonate. Extraction with ether and 
further purification by .flash silica column chromatography resulted in the recovery of 
alkynes 234-237, Scheme 89 and Table 21. 
CAN, o·c 
Acetone 
1 h 
Rt-..==:=:--·{ 
Scheme89 
226·229 234-237 
Table 21 - Oxidative removal of metal core from 226-229 
R R Co/Mo-complex Alkyne Yield(%) de(%) 
Me Me 226 234 41 22 
Me Et 227 235 50 42 
Me i-Bu 228 236 23 25 
Me Ph 229 237 26 3 
The results obtained were slightly disappointing. The yields of the products were 
expected to be higher than those obtained. There also seems to be no trend in the 
diastereomeric excess. It was expected that the bulkier the R1 group present, then the 
Heterobimetallic Alkyne Complexes and their use in Asymmetric Synthesis 102 
The results obtained were slightly disappointing. The yields of the products were 
expected to be higher than those obtained. There also seems to be no trend in the 
diastereomeric excess. It was expected that the bulkier the R1 group present, then the 
better the diastereomeric excess would be. Unexpectedly, the phenyl substituent gives the 
worst result. 
The diastereoselectivity of the above reaction needed to be considered. It has been shown 
in the literature134 that the positive charge produced on formation of the cation is 
stabilised by one of the metal centres. It has also been noted that a fluxional behaviour 
exists for these types of complexes.133•134·136 Variable temperature NMR studies by 
Schreiber136 have identified a low energy antarafacial migration of an alkylidene ligand 
from one Co(C0)3 vertex to the other, which results in enantiomerization of the cation. 
At higher temperatures!;rdiastereomerization process has been observed, Figure 19. 
Antarafaclal 
§-R2 Migration R2 .~' ( enantlomerizalloo) ~,, z<-R, R1~ 
(OC),C<~~(CO), ------ (OCb~l)Co(CO), 
Suprafacial migration 
(syn-anti isomerization) 
H H 
Suprafaclal migration 
(syn..antilsomerization) 
R1.~~ ~R1 R2~ ~···'' R, 
(QC),Co...._ ~Co(CO), ---.,...-,...,..-- (OC),co<::" ~ 0), 0 ~b~ Antarafaclal ... er- <V 
H Migration H 
(eoantiomerlzatioo) 
Figure 19 
This behaviour has a consequence on the stereochemical outcome of the propargylic 
substitution reaction. If the reaction passed through a static cobalt cation then there would 
be retention of stereochemistry. However, antarafacial migration and rotation processes 
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lead to the exposure of the opposite enantiotopic face for attack by a nucleophile. Only 
suprafacial migration retains the kinetically formed enantiotopic face. 
Extensive studies have also been carried out to investigate the behaviour of the analogous 
Co/Mo stabilised carbocation. 133 Extended Huckels Molecular Orbital (EHMO) 
calculations indicate that the propargylic cation forms a more favourable interaction with 
the MoCp(C0)2 vertex than with the Co(CO)J Vertex. NMR studies also support this 
theory. 133' Analysis of the 13C NMR chemical shifts of the metal carbonyls strongly 
suggests that the positive charge is partially delocalised onto the molybdenum while the 
cobalt carbonyls were little affected. Variable temperature NMR studies indicated that 
these molecules exhibited no fluxional behaviour. This means that there was no migration 
of the positive charge to the other metal centre, either by antarafacial or suprafacial· 
migration, as there was y.o evidence of the formation of the cobalt stabilised isomer. It is 
; 
also noted that if the alcohol diastereoisomers are separated then in each case a single 
carbocation is formed. Subsequently, strongly supportive evidence has confirmed these 
observations, due to the. ability by GruselleiJJc and eo-workers to achieve an X-ray 
structure of a Co/Mo stabilised cation of 2-propynylbomyl 233, Figure 20. The evidence 
is not conclusive as the X-ray s\fllcture is achieved in the solid state and therefore maybe 
different to the solution state. Interestingly, published results within our own group have 
shown that upon addition of water to the propargylic salts, the opposite isomer to the 
starting alcohol precursor has been recovered. 121 a,b 
233 
Figure 20 
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In relation to the chemistry described above, the formation of propargylic carbocation 
and subsequent enamine addition, a diastereomeric mixture of alcohols is utilised to form 
the cations. This means that there will be a diastereomeric ratio of the two cations 
formed. However, due to the inability to obtain the diastereomeric ratio for the 
subsequent nucleophilic addition, a clear explanation for the controlling factors of the 
possible stereochemistry is not possible. It is unclear as to whether fluxional behaviour 
has played a key role in the reaction or not. 
Enamine additions were investigated further by varying the enamine used. Firstly, the 
new enamines needed to be prepared. Dean-Stark condensation between an amine, such 
as piperidine, and a ketone, such as 3-pentanone, has been described previously by 
Stork. 137" Unfortunately, the reaction between piperidine and 3-pentanone did not give 
the desired product. S~!lrches of the literature revealed a preparative method developed 
by Weingarten and White. 137b,c In this method, the ketone is added to a preformed 
complex of the amine and titanium tetrachloride. Subsequently, Carlson and Nilsson 138 
optimised these new conditions. Utilising the optimised methods, the reaction between 
morpholine and two ketones, 3-pentanone and acetophenone was undertaken 
Morpholine was dissolved in hexane and cooled to 0°C. Titanium tetrachloride was 
added to the amine as a hexane solution, which resulted in the formation of a yellow 
reaction mixture. 3-pentanone was added and the resulting solution was heated to 70°C 
for fifteen minutes. The resulting solution was then filtered through a pad of celite. 
Further purification to remove the excess amine present by Kugelrohr led to the 
decomposition of newly formed enamine back to the respective starting materials. The 
same conditions were employed in the use of acetophenone. This product required no 
further purification after filtering as 1H NMR confirmed the product to be pure enough 
for use in the next step, Scheme 90. 
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With the newly formed enamine in hand, addition to the propargylic cations was 
investigated. The reaction was carried out exactly as before, stirring of the complex and 
enamine in DCM at 0°C for one hour resulted in a newly formed complex spot. After 
filtering through a pad of celite and purification by column chromatography, the expected 
products were isolated in moderate yields and varying diastereomeric excess, Scheme 91. 
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0 C) R' 0 () BF4 
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100, 218, 223·225 239-243 244a-244e 
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Table 22- Addition of238 to cations 100, 218, 223-225 
R R Co/Mo-cation Co/Mo-ketone Yield(%) de(%) 
H H 100 239 58 
Me Me 223 240 40 32 
Me Et 224 241 21 2 
Me i-Bu 225 242 45 7 
Me Ph 218 243 42 63 
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Only moderate yields were obtained for this reaction. A possible reason for this could be . 
due to a competing reaction taking place. During addition to cation 100, a second 
complex was isolated along with a large UV active spot. Further examination found that 
the UV active spot was acetophenone. The second complex spot was determined to be the 
product of the addition of morpholine to the cation 100. It is therefore possible that the 
enamine is being converted back to its starting materials and the morpholine is more 
reactive towards the cation 100 than the enamine. The variability in the diastereomeric 
ratios at the moment cannot be explained. Pleasingly though, it is the bulkiest substituent 
that gives the best diastereomeric excess. 
Attempts have been made to develop a reaction that would involve the in situ generation 
of the cation, thereby removing the necessity for its isolation. Initially, a his-cobalt 
methoxy complex was ytilised. A his-cobalt complex was used, as this would provide a 
direct comparison with other Nicholas reactions reported in the literature. 
Addition of tetrafluoroboric acid to a DCM solution of Co2(C0)6·propynol 200, followed 
by methanol and N-ethyldiisopropylamine results in the formation of Co2(C0)6-3-
methoxy-propyne 245 in 38% .yield, Scheme 92. Unfortunately; attempts to react 245 
with 1 -morpholino- I -cyclohexene after generation of the cation led only to the recovery 
of the starting complex. Therefore, it appears as though the isolation of the cation is 
required for the reaction to be possible. 
OG_ Hiz:V' .... CO OH 1) HBF4.Et20, 
"- ~ ,,,1111. / _ _:;DC:::M::.· O:::.S:..:h:.__ 
C~· Co oc"" \ . / ""-eo 2) Me0~8;;N(i-Pr)2 
CO OC 
200 245 
Scheme 92 
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2.2.3 Electrophilic additions to Co/Mo-propargyl ketones 
The ability of the inherently chiral Co/Mo-alkyne complexes to control the 
stereochemistry of newly formed stereocentres at the propargylic position has been 
discussed previously. We were interested in extending the scope of these complexes by 
expanding the range of reactions and to investigate how far away from the chiral core its 
stereocontrolling effects would extend. We envisioned this to be possible by enolate 
additions to a propargylic ketone, which would lead to the creation of a stereocentre at 
the homopropargylic position. To date there have been no reports in the literature of 
enolate additions to bimetallic propargylic ketones. · 
Previous work within the group123" initially utilised hex-3-yn-2-one and prepared the 
required ketone by complexation of the alkyne to dicobalt octacarbonyl 246 followed by 
subsequent isolobal di~placement 247 to produce the desired products in 66% and 54% 
yield respectively, Scheme 93. 
0 
248 
Ph 
249 
Mo,Cp,{CO)e 
L or K-Selectride 
THF, rr- reflux 
54% 
LHMDS, benzyl bromide 
THF, -78°C 
18% 
Scheme 93 
247 
I LHMDS, allyl bromide THF, -7a•c 39% 
248 
Initial enolate formation was performed using LHMDS at -78°C and trapping of the 
enolate with allyl bromide to give complex 248 in 39% yield. Second enolate addition 
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using the same conditions and trapping with benzyl bromide gave complex 249 in 18% 
yield. Despite poor conversion, it was noticed that following the addition of the second 
electrophile, which created the stereocentre, only one diastereoisomer was isolated. 
These results prompted further research in this area to improve reaction yields and to 
·pinpoint the control of the stereochemistry. Due to the high cost of the commercially 
available hex-3-yn-2-one, this was replaced by 4-phenyl-but-3-yn-2-one, which can be 
made from inexpensive starting materials. 
Ketone 250 was made by stirring phenylacetylene in dry THF at -78°C, which is 
deprotonated upon the addition of two equivalents of n-BuLi, Scheme 94. Following the 
addition of an equivalent of ethyl acetate and two equivalents of boron triflouride 
etherate, the reaction ~liS left to stir for a further one hour. After aqueous work-up, the 
ketone 250 was isolated in a poor 14% yield. Complexation of 250 with Coz(CO)s 
resulted in a quantitative yield of the complexed ketone 251. This subsequently 
underwent an isolobal displacement to give the mixed-metal alkyne complex 252 in 76% 
yield. 
Ph--::==---H 
1
) ;H~~:~~~~ l Ph--===----'<\0 
2) Ethyl acetate (1 eq.), ~7aac 
3) BF3.Et20 (2.2 eq.) 
0 
Ph 
.,,,,
1
1. _............eo 
~~ oc 
252 
14% 
Mo,Cp,(C0)8 
L or K-Selectrlde 
THF, rt- reflux 
76% 
Scheme 94 
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1
Co,(C0)8 
DCM, RT 
quant. 
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As discussed earlier, the electronic make up of the his-cobalt complexes is different to 
that of the mixed metal complexes and this leads to a disparity in the reactivity of the two 
complexes. Consequently, the enolate additions described below were attempted on both 
systems. 
The differences between the two complexes became even more apparent during these 
investigations. The his-cobalt complex 251 failed to react at all under the range of 
reaction conditions investigated. LHMDS was always used as the base and enolate 
formation was always carried out at -78°C. Methyl iodide, allyl bromide and benzyl 
bromide were all tried as electrophiles, with addition of the electrophile being carried out 
at a range of temperatures, in case the addition was temperature dependent. 
Interest was turned t\)" the heterobimetallic complex. With ketone 252 in hand, 
deprotonation was carried out as before, by addition of LHMDS, followed by trapping of 
the enolate with the electrophiles methyl iodide, allyl bromide and benzyl bromide. 
Methyl iodide and allyl bromide reacted in good yield, to give complexes 253 and 254 in 
75% and 44% respectively, however, benzyl bromide failed to react giving only 
unreacted starting material, Scheme 95. 
252 
1) LHMDS (1.2 eq.) 
THF, -78"C 0.5 h 
2) R.X, -78"C ~RT 
Scheme 95 
253 R=Me (75%) 
254 R=AIIyl (44%) 
R 
It is not clear why the yields were so variable. Steps were taken to investigate the 
deprotonation step by attempting to trap the enolate by the addition of TBDMS-Cl. This 
was done at -78°C and ooc to see if the temperature was controlling the reaction. The 
temperature at which the most enolate was trapped would show the optimum conditions 
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for enolate formation and therefore at what temperature the reaction should be carried 
out. In both cases, only starting ketone 252 was recovered. 
The second enolate additions were attempted with complexes 253 and 254 using the 
conditions described above. In each case, the opposite electrophile to that used in the first 
electrophilic addition was used to give complex 255. The enolate additions proceeded 
smoothly giving the expected product in 20% or 37% yield depending on the starting 
ketone, Scheme 96. 
Ph 
LHMDS(1.2eq.) oc-c,;i<<!::'l_.;;: 
THF,-78'C0.5h CC/\ 
Allyl bromide, -78'C -.R/ CO 
44%/ 
Ph, l / 
oc-c~~~ 
oc/\o o~~ 
254 
252 ~ 
LHMDS(1_:2_199) ~ ~ THF, -78'C 0.5 h 
Methyl Jcxlide, -7B'C --RT Ph 
75% 
ac- ._;··· """ /CO 
oc/c\ //a) 
eo cc~ 
253 
LHMDS(1.2eq.) 
THF, -7B'C 0.5 h 
Methyl iodide, -7B'C -FtT 
20%,34% de 
LHMOS(1.2eq.) 
THF, -78'C 0.5 h 
Allyl branlde, ·7B'C -AT 
37%,46% de 
Scheme96 
2558 
255b 
The second electrophilic addition may proceed in only moderate yield because of the 
increase in steric- bulk around the reactive centre. This steric bulk would inhibit 
deprotonation and enolate formation. Despite the moderate yields, the inherently chiral 
core has managed to impart some stereocontrol over the reaction. The reason why only a 
moderate amount of stereocontrol is imparted is probably due to the stereocentre being 
further away from the chiral auxiliary. It is also apparent upon analysis of the NMR 
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spectrum that the major isomer formed in each case, is the opposite isomer to each other 
and is dependent, as expected, on the sequence of additions of the electrophiles. 
Further work needs to be done to address the optimisation of the reaction yields. Yields 
may possibly improve if a less hindered base was used as it may avoid the steric bulk 
present at the reactive centre. Optimisation of the diastereomeric excess would simply 
involve varying the reaction temperature to find the point where the chiral auxiliary 
achieves the best stereocontrol. The conversion of 254 to 255 has already been attempted 
at -40°C, which gave a 43% yield but only a 16% diastereomeric excess which is lower 
than that achieved at -78°C. Therefore, it appears that the optimum temperature may be 
lower than -78°C. Alternatively, a combination of conditions co!Dd be used. The 
deprotonation could be carried out at a higher temperature, -40°C, and the intermediate 
cooled to -1 00°C before/addition of the electrophile. 
During the studies of Grignard and organolithium additions to propargylic aldehydes, it 
was seen that the acetylenic substituent could have a controlling effect on the reactivity of 
.the complexes. If a phenyl ring was present as the terminal substituent then no reaction 
occurred. It was postulated that no reaction took place due to the large amount of steric 
bulk present around the metal core. It was thought that a similar effect might be having 
an influence on this system. The large phenyl .ring in addition to the added steric 
interactions following the first enolate addition may prevent efficient deprotonation 
during the formation of the second enolate. This is supported by the fact that a higher 
yield is obtained if methyl iodide is added first followed by allyl bromide rather than the 
opposite pathway, as there is less steric bulk around the reactive centre. Further support 
for this steric effect is the ability of benzyl bromide to be added when an ethyl substituent 
is present as the acetylenic substituent but not when a phenyl ring is present, Scheme 93. 
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To reduce some of this steric bulk, it was envisioned that the phenyl ring could be 
replaced by a much smaller substituent Dicobalt hexacarbonyl-but-3-yn-2-ol 169 was 
subjected to Swem oxidation conditions, 129 as described previously, to produce the 
complexed ketone 256 in 91% yield, Scheme 97. Complex 256 then underwent an 
isolobal displacement t?_yroduce the heterobimetallic ketone 257 in 36% yield. 
Attempts were made at the electrophilic addition to the enolate intermediate. From this 
one reaction it can be seen that addition of allyl bromide has been achieved, albeit in low 
yield, Scheme 98. This can possibly be explained from the proposed structure of the 
other isolated complex. From 1,H NMR assignment, it appears that the allyl moiety has 
added onto the oxygen to form an alkoxy moiety. If this could be prevented then the yield 
of the reaction would probably improve. Due to time constraints, further investigation of 
this reaction was not possible. 
~ eo oc 4.;?" 
257 
LHMOS(1.2eq.) 
THF, ·78'C, 0.5 h 
Allyl brcmlde, • 7B'C -RT 
4% • 
258 259 
Scheme 98 
Due to the limited success observed utilising the simple ketone above, it was envisaged 
that a diketone might prove to be more reactive. Essentially the chemistry would be 
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carried out at the same position but the addition of the second ketonic group should have 
a lowering effect of the pK, of the acidic protons at the site of deprotonation. Before the 
enolate chemistry could be attempted the requisite diketone needed to be synthesised. 
It was believed that a simple Claisen condensation between phenyl-propynoic acid ethyl 
ester and ethyl acetate would provide the diketone 261, Scheme 99. A literature 
method 139 was found in which it states that two equivalents of base are required to 
prevent the ethyl acetate anion reacting with a molecule of itself. 
0 0 
Ph--=::::-4( + O 
OEt AOEt 
LOA. THF )( OEt 
260 Ph 261 
/ Scheme 99 
Utilising literature conditions resulted in unreacted phenyl propynoic acid ethyl ester as 
the major product. Other products obtained may have been the desired compound but 1H 
spectrum were very complex and clean spectrum were unobtainable. The final attempt at 
diketone formation saw the addition of BF3.Et20 to the reaction mixture as it was thought 
that this would chelate onto th~' oxygen of the carbonyl of the alkyne and make it more 
reactive. Again, the desired compound was not formed. Attempts were turned to adding 
the second ketone moiety to the original Co/Mo-alkyne ketone 252 used previously, 
Scheme 100. It was thought that this would be possible by deprotonation of the 
complexed ketone 252 as before, which could then react with ethyl chloroformate. All 
attempts led to the recovery of an unassignable product by 1H NMR. 
0 0 0 
LHMDS {1.2 eq.) 
Ph 0 THF. -78'C-.RT Ph 
+ 
Cl)lOEt 
'j OEt 
,,,,,
11 
/CO 7 .,,,,, /eo 
:t4? ~~ oc 
252 262 
Scheme 100 
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2.3 Diastereoselective Complexation and Catalytic Pauson-Khand 
Reactions 
2.3.1 Formation of Co2(C0)7(PPh3) and complexation to chiral alkynols 
Gibson76 and eo-workers have synthesised a range of phosphine and phosphite 
substituted dicobalt heptacarbonyl species for use as catalysts in the Pauson-Khand 
reactions. Excellent yields are obtained under very mild conditions, Scheme 101. 
263 
/ 
catalyst (5 mol%) 
70"C, 24 h, THF 
1.05 atmCO 
264 
Co,(C0)7(PPh3) (5 md%) 
75°C, 4 h, 1 ,2-DME 
1.05atmCO 
:=::--Ph 
96% 
Scheme 101 
catalyst 
Co,(CO),(PPh,) = 84% 
Co,(CO),(Pn-Bu3) =76% 
C0:1;(COh(Pp-MeO-C6H4) = 91% 
H 
46 
it is well known that the initial step of the catalytic Pauson-Khand reaction is the 
complexation of the alkyne with a dicobalt species. We looked to examine this initial step 
of the reaction by investigating the complexation of a range of racemic alkynols with a 
dicobalt pentacarbonyl-phosphine species. it was believed that the substitution pattern on 
the alkynol in harmony with the size of the phosphine used· as a ligand on the dicobalt 
heptacarbonyl species could control the direction of the complexation and should lead to 
a diastereomeric preference for one isomer over the other. it was hoped that this would 
allow the creation of a catalytic, diastereoselective Pauson-Khand reaction system. 
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Triphenylphosphine was chosen in this case, as it possesses a large Tollmans cone angle 
and would help to maximise the steric interactions involved during the complexation 
step. In Figure 21 it can be seen that the phosphinated dicobalt metal species can 
approach the alkyne in one of two ways. If the hydroxy group lies in the down position, it 
can be postulated that the metal species would prefer to approach the alkyne so that the 
bulky triphenylphosphine ligand sits underneath the smaller of the two substituents of the 
alkyne thereby reducing any steric interactions. 
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Dicobalt heptacarbonyl triphenylphosphine 265 was prepared by adaptation of literature 
procedures/40 Scheme 102. In previous reports, Nujol had been used as the reaction 
media, which led to severe problems when it came to purifying the product. 
Consequently, a low yield of the monophosphinated product was obtained. This led to the 
use of dichloromethane as the reaction solvent. To a dichloromethane solution of dicobalt 
octacarbonyl was added triphenylphosphine in one portion, Scheme 102. Purification by 
filtering through celite and silica, followed by column chromatography led to the 
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isolation of a brown solid in 29% yield. The solid appeared to be very unstable which 
may partially explain the low yield of isolated product. 
DCM, rt, 0/N 
Pll, . fooc ~0 
• t ., 
Ph-1 _\.·· P-ea-eo-eo 
I I~ I 
Ph OC CO eo 
265 
Scheme 102 
Due to the. instability of the Co2(COh(PPh3), it was thought that the subsequent 
complexation should be carried out directly following the addition of triphenylphosphine 
to dicobalt octacarbonyr as a one-pot reaction, removing the need to isolate the 
intermediate .. Triphenylphosphine was added as a dichloromethane solution to a stirred 
solution of dicobalt octacarbonyl and left to stir at ambient temperature until the 
· disappearance of the UV active triphenylphosphine spot, usually around two hours. After 
this time, 1-phenyl-prop-2-yn-1-ol was added and the resulting reaction mixture was left 
to stir overnight. Following purification, moderate yields of 40-50% of the expected 
Co2(CO)s(PPhJ)-alkynol complexes were obtained. Due to the moderate success 
achieved, work was instigated to optimise the reaction conditions. 
Dicobalt heptacarbonyl-triphenylphosphine 265 was prepared as before but was not 
subjected to column chromatography and was used crude in subsequent reactions. The 
complexation of a range of chiral racemic alkynols was investigated with 
Co2(CO)?(PPh3) under different conditions, to establish the degree of diastereocontrol 
that could be achieved, Scheme 103 and Table 23. 
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Co,(C0)7(PPh3) 
Conditions (1-3) 
Scheme 103 
OH 
207 R1 = H, ~=Me 
208R1 = H, R2 =Ph 
268 R1 = H, R2 = /-Pr 
267 R1 =Me, R2 = t-Bu 
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Table 23 ~ Diastereoselective complexation of Co2(C0)7(PPh3) to chiral alkynols 
Rl R2 Conditions 
Co/Co(PPh3)-
Yield(%) de(%) 
alkyne complex 
H Me / 207 45 27 
H i-Pr 20°C, DCM 266 43 70 
H Ph Condition (1) 208 61 33 
Me t-Bu 267 43 39 
H Me 207 40 10 
H i-Pr -20°C, NMO, DCM 266 30 34 
H Ph Condition (2) 208 68 30 
Me t-Bu 267 27 21 
H Me 207 56 28 
H i-Pr 60°C, CHCh 266 41 63 
H Ph Condition (3) 208 59 39 
Me t-Bu 267 52 24 
Generally, low to moderate yields were obtained for the comp1exation step. Over the 
whole range of alkynols, the best results were achieved using chloroform heated under 
reflux (condition 3). The diastereoselectivity achieved appears to be controlled by the 
difference in size of the propargylic substituents and follows the trend of i-Pr > Ph> Me. 
The phenyl substituted alkynol gave lower diastereoselectivity than expected. It has been 
postulated that there is a facile racemisation of both chiral centres, which can be 
Heterobimetallic Alkyne Complexes and their use in Asymmetric Synthesis 118 
rationalised by one of two mechanisms. Firstly, there is a possibility that the phosphine is 
migrating between the two cobalt atoms. Alternatively, the propargylic carbon is also 
benzylic which increases the !ability of the propargyl alcohol moiety under acidic 
conditions. 
Nicholas130 has prepared the same dicobalt pentacarbonyl-triphenylphosphine alkyne 
complexes. In this instance, a carbonyl ligand was exchanged for triphenylphosphine on 
the parent dicobalt hexacarbonyl alkynol complex. Excellent yields of 84-99% were 
achieved along with diastereoselectivities in the range of 60-95%. -X-ray analysis showed 
the propargylic substituent to be away from the Co(C0)2(PPh3) vertex of the complex in 
all of the major isomers, similar to the X-ray structure reported earlier, Figure 16. 
Comparisons between the major isomers isolated in each case, have been made between 
the melting point values)H and 31 P NMR spectrum. Regardless of the method used, the 
isolated major isomer is the same. 
Subsequently, Gibson76 has reported the preparation of the dicobalt heptacarbonyl 
triphenylphosphine species 265. Dicobalt octacarbonyl and triphenylphosphine were 
dissolved in THF and stirred in the dark at room temperature for thirty minutes. After 
removal of the solvent, the brown solid was adsorbed onto neutral alumina and then 
chromatographed on silica under a nitrogen atmosphere to give a 65% yield of pure 
product. Following this same method, a yield of 53% was achieved. 
With the higher purity Co2(C0)7(PPh3) in hand, complexation with the range of alkynols 
used previously was repeated using the best conditions from earlier work to see whether 
any improvements were observed in the yields and diastereomeric excess, Table 24. 
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H 
H 
H 
H 
H 
Me 
Table 24- Diastereoselective complexation of Co2(C0)7(PPh3) to chiral alkynols 
Me 
i-Pr 
Ph 
Ph 
Ph 
t-Bu 
Solvent 
CHCb 
CHCb 
CHCb 
CHCl3 
1,2-DME 
CHCb 
Time Temp. Co/Co(P)-alkyne Yield de 
(min) (°C) complex (%) (%) 
30 60 207 79 21 
30 60 266 59 70 
30 
15 
30 
30 
60 
60 
60 
60 
208 
208 
208 
267 
70 
62 
62 
47 
44 
39 
25 
30 
The results obtained show that better yields and better diastereoselectivities were 
possible. The general trend shown is that the diastereomeric excess increases with the 
increasing size of the pr6pargylic substituent. As the aim of this work was to develop a 
catalytic diastereoselective Pauson-Khand reaction, a complexation reaction was 
attempted using 1,2-DME as the reaction solvent, as it has seen widespread use in the 
Pauson-Khand reaction due to being a higher boiling ethereal solvent. Comparable yields 
were obtained, however a lowering of the diastereomeric excess was observed. Shorter 
reaction times were used to investigate the possibility of phosphine migration between 
the two cobalt centres as weii as the potential for the scrambling of the propargylic 
stereocentre. This led to comparable yields and diastereoselectivity being achieved. 
Another member of the group123b found that some scrambling of the chirality was 
possible. A chloroform solution of the pure minor isomer, obtained from complexation, 
was stirred at 40°C over a period of 66 hours. The diastereoselectivity decreased slowly 
over this time and after 35 hours there had been a reversal of diastereoselectivity to give a 
diastereomeric excess of 10% of what would have been the major isomer. After 66 hours, 
a 3 5% diastereomeric excess was observed. 
Consequently, with the higher purity Co2(C0)7(PPh3) in hand, longer reaction times (2 
hours) at higher temperatures (68°C and 75°C) were also investigated, as it was believed 
that this may drive the reaction through to one isomer being formed by the methods 
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described previously. This led to a severe decrease in the yield although only one isomer 
was formed. A side product was also eo-eluted with the only isomer obtained. It was 
postulated that this was a complexed alkyne ketone product, although the exact 
mechanism for its formation is unknown. It was concluded that the reaction conditions 
were therefore not conducive for efficient complexation. 
With the above results in hand, efforts were turned towards the development of the 
catalytic diastereoselective intermolecular Pauson-Khand reaction: 
2.3.2 Catalytic diastereoselective intermolecular Pauson-Khand reaction 
Gibson76 has shown it possible to use Co2(C0)7(PPh3) to mediate catalytic intramoleular 
Pauson-Khand reaction~/ We were inspired to investigate the possibility of carrying out a 
thermal asymmetric catalytic intermolecular Pauson-Khand reaction to form 
diastereomerically enriched cyclopentenone products. 
Kerr has published results 141 showing that the reaction will proceed around the smaller of 
the two cobalt vertices when .monophosphinated alkyne complexes are subjected to 
Pauson-Khand reaction conditions, Scheme 104. 
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Kerr suggests that this effect is due to the strengthening of the Co-CO bonds at the 
Co(C0)2(PPh3) vertex because of the presence of the triphenylphosphine ligand. This 
increase in bond strength deactivates the site towards decarbonylation. Kerr has 
demonstrated this by preparing enantiomerically pure Co2(C0)5(PPh3)-alkynol 
complexes and carrying out st~ichiometric Pauson-Khand reactions using NMO at low 
temperatures to obtain enantiomerically pure cyclopentenone products. Chromatographic 
elucidation, optical rotation measurements and x-ray structures led to the above 
conclusions. 
Using a ten-well reaction block, a variety of reaction conditions were screened with a 
view to finding the optimum general conditions for the catalytic Pauson-Khand reaction. 
With respect to reaction temperature, it was always envisaged that the reaction would be 
thermally promoted as this should lead to shorter reaction times. Norbornadiene was to be 
used as the alkene source as strained cyclic alkenes are known to be the most reactive 
alkenes in the intermolecular Pauson-Khand reaction. The i-Pr alkynol was used as the 
test substrate as this provided the best diastereomeric ratio during the complexation 
studies. A carbon monoxide atmosphere was used as this is thought to help in promoting 
the catalytic Pauson-Khand reaction. 1,2-DME was used as the reaction solvent as it is a 
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higher boiling point ethereal solvent and is one of the more common solvents used for the 
Pauson-Khand reaction. The first two conditions to be optimised were the mol% of 
catalyst used and concentration of the alkene used. The mol% of catalyst used was varied 
between I and I 0 mol%. The concentration of the alkene was varied between O.IM and 
0.2M as it has been seen that the concentration of alkene can play an important role in the 
yield of the Pauson-Khand reaction. 142 The full set of reaction conditions used in this 
initial screen can be seen in Scheme I 05. 
OH 
Hl--::=:c--+-H 
269 
/ 
1 ,2-0ME, 70"C, 4 h, 1 atm CO(g) 
1·10 md% Co,(C0)7(PPh3) 
Scheme 105 
H 
270 
As expected, the vessels containing 10 mol% of catalyst and with 0.2M ofnorbornadiene 
gave the best yields. The best result achieved was a 45% yield and 3% de. It was 
observed in the literature that 1,2-DME had been used as an additive to promote the 
catalytic Pauson-Khand reaction, however a large excess was detrimental to catalysis.63 
' Subsequently, a further ten reaciions were set-up using the same conditions as before, but 
10 mol% of catalyst and a 0.2M solution of alkene were used in all cases. Toluene is the 
most common solvent in the catalytic Pauson-Khand reaction due to the reactions usually 
being carried out at high temperature and pressures. For this reason, combinations of 
toluene and 1,2-DME ranging from a 50:50 mixture up to a 99:1 toluene to 1,2-DME 
ratio were used as the reaction solvent. The best result achieved from the ten reaction 
vessels was a 50% yield and 12% de, which was obtained using a 50:50 mixture of 
solvents. From the complexation study results, the i-Pr alkynol gave one of the lower 
isolated yields. Using the optimised conditions obtained here for the catalytic Pauson-
. Khand reaction, the complete range of alkynols were reacted, Scheme 106 and Table 25. 
In this instance, carbon monoxide was bubbled through a sinter so that the reaction 
solution was saturated with carbon monoxide. 
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Table 25- Catalytic PKR of chiral racemic alkynols 
R R Cyclopentenone Yield(%) de(%) 
H Me 271 69 5 . 
H i-Pr 270 50 12 
H Ph 268 53 7 
Me ,1-Bu 272 18 0 
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From the results obtained above, the same general trends are observed as with the chiral 
complexations. The smallest propargylic substituent gives the best yield and the yield 
decreases with the increasing size of the propargylic substituent. The opposite is true with 
the diastereomeric excess. Increasing bulk at the propargylic carbon leads to the best 
diastereomeric excess, as would be expected. 
There is a major difference in the diastereomeric ratio achieved in the complexation 
reaction, Table 24, to that achieved in the final cyclopentenone product, Table 25. To 
investigate this phenomenon further, the separated isomers of the preformed methyl 
alkynol Co2(CO)s(PPh3)-alkyne complex 207 were subjected to stoichiometric Pauson-
Khand conditions. Stirring of the alkyne complex and norbomadiene in a reaction 
solution of 50:50 toluene to 1,2-DME at 70~C led to the formation of the expected 
cyclopentenone 271, Scheme 107. 
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The major Isomer reacted to give an 88% yield of the cyclopentenone with 48% 
diastereomeric excess. The minor isomer gave an 85% yield and 50% diastereomeric 
exces~. These results were completely unexpected as it was thought that the one 
diastereoisomer from the complexation reaction should give one diastereoisomer of the 
cyclopentenone product. .Closer examination of the 13C NMR spectrum obtained from 
both the catalytic and ·~oichiometric reactions shows that the major isomer from the 
complexation reaction forms predominantly the minor isomer in the catalytic Pauson-
Khand reaction. Likewise, the minor isomer in the complexation reaction gives 
predominantly the major isomer in the catalytic Pauson-Khand reaction, Appendix 4. It 
can be postulated that the loss of chirality is due to the facile migration of the phosphine 
I 
ligand between the two cobalt atoms at raised temperatures, before subsequent alkene 
insertion, which would lead to the formation of a cobaltacycle. Due to time constraints 
this work remains unfinished. Although initial results have shown only low 
diastereoselectivities, it has been demonstrated that a thermal catalytic asymmetric 
intermolecular Pauson-Khand reaction is possible with this catalytic system. . 
2.4 Pauson-Khand reaction mechanism studies 
There have been many reports in the literature concerning the mechanism of the Pauson-
Khand reaction.4•·6•9 The inability to isolate any reaction intermediates apart from 
dicobalt hexacarbonyl complexes has resulted in the postulated mechanism by Magnus6 
remaining unproven. Magnus proposes that the initial step of the mechanism is the loss of 
a carbon monoxide ligand followed by olefin attachment to the vacant orbital, which can 
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then insert and form a cobaltacycle. Reductive elimination forms the cyclopentenone and · 
expels the Coz(C0)6 metal residue, Scheme 108. 
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1. Complexation rl alkyne 
2. Dissociative loss of CO 
3. Addition of alkene 
4. Insertion of the alkene Into the least hindered Co-C bond 
5. CO insertion 
e. Reductive elimination 
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When a his-cobalt complex is used it . cannot be differentiated which metal centre the 
reaction is proceeding around. Kerr141 has shown that if the two metal centres are 
differentiated then it is believed to be the unsubstituted of the two metal centres that is 
involved in the reaction and this will control the products of the reaction. 
The angle of approach of bicyclic alkenes will also control whether an exo or endo 
product is formed during the reaction. Generally, it is the exo product that is formed 
preferentially with strained cyclic alkenes as it is the less sterically strained intermediate 
due to the bridgehead of the alkene sitting away from the metal centre. This angle of 
approach to the metal centre will force the alkene hydrogens to sit away from the metal 
and on the opposite side to the bridgehead, Scheme 109. 
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H 
Scheme 109 
It was envisioned that the use of a cyclobutene would help to investigate the mechanism 
of the Pauson-Khand reaction. Cyclobutene derivatives have been used previously as a 
substrate in the Pauson-Khand reaction, 143 and have generally reacted well. These 
cyclobutene rings have been part of a larger bicyclic structure. In this case, cis-3,4-
dichlorocyclobutene was to be used as the alkene substrate. This would not have the large 
bridgehead present as i!Ythe case of norbomene and norbomadiene, which would direct 
' 
the approach of the alkene, as well as being a smaller structure than the other 
cyclobutenes used previously. We have used Co/Mo-alkyne complexes in a 
diastereoselective Pauson-Khand reaction.101 Following Kerr's reports of the Pauson-
Khand reaction proceeding around the smaller of two metal centres in a desymmeterised 
dicobalt pentacarbonyl-alkyne complex/41 we were keen to investigate if the same was 
true with the heterobimetallic-alkyne complexes. 
Scheme 110 shows the possible transition states as well as the stereochemistry of the 
possible isomers of the Pauson-Khand reaction shown in Scheme 111. In diagrams A and 
C, the cyclobutene ring is pointins down, and the chlorine substituents are pointing either 
syn or anti to the metal centre. In diagrams B and D, the cyclobutene ring is pointing up, 
and the chlorine substituents are pointing either syn or anti to the metal centre. Although 
the diagrams show the olefin attached to the cobalt atom, the same is true if the olefin 
was to attach to the molybdenum atom. From these diagrams showing the transition states 
and stereochemistry of the possible products, along with any experimental data obtained, 
it should be possible to work out the direction of attack of the alkene on the metal centre. 
The carbonyl and cyclopentadienylligands have been omitted for clarity. 
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The required mixed-metal complex can be synthesised in two steps. Quantitative yield is 
obtained upon complexation of phenylacetylene and Co2(C0)8 to give 13. Subsequent 
isolobal displacement using adapted Gladysz methodology described earlier gives the 
heterobimetallic complex 157 in 58% yield following purification, Scheme 111. 
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Cis-3,4-dichlorocyclobutene is commercially available, although expensive, and this was 
seen as a suitable cyclic alkene for the Pauson-Khand reaction due to its high degree of 
ring strain. Mixed-metal complex 157 was stirred with cis-3,4-dichlorocyclobutene in 
1,2-DME at 65°C until TLC indicated that the reaction had gone to completion. 
Following purification the expected bicyclopentenone 273 was isolated in 25% yield, 
/ Scheme 112. 
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The boiling point of the cyclobutene is 74-76°C. It was thought that this might lead to 
some loss of the cyclobutene from the solution due to increased evaporation. The reaction 
was repeated at 50°C in an attempt to minimize this loss. Despite lowering the 
temperature, a lower yield of 19% was obtained. Subsequent searching of the literature142 
revealed reports that the concentration of the alkene used may affect the yield of product. 
It was reported that at higher concentrations, for example 0.15M, yields of 50-59% were 
obtained. Lowering the concentration to 0.03M resulted in yields of 73% being obtained. 
In our hands, when the concentration was lowered with cis-3,4-dichlorocyclobutene a 2% 
increase in yield was obtained. 
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Concerns were raised as to the influence the two chlorine atoms were having on the 
reactivity of the alkene, as it was believed that the chlorines would be withdrawing 
electron density away from the ring and making the alkene less reactive. Methods were 
found to substitute the chlorine atoms for an 0-benzyl, moiety that should make the 
alkene more reactive. 144 Benzyl alcohol is deprotonated using sodium hydride followed 
by addition of the cyclobutene and the resulting reaction mixture was heated under reflux 
for 15 hours. The required disubstituted product 274 was isolated in 66% yield after 
column chromatography, Scheme 113. 
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With the newly formed substituted cyclobutene 274 in hand, the Pauson-Khand reaction 
was repeated. Stirring of the Co/Mo-phenylacetylene complex 171 with cis-3,4-
benzyloxycyclobutene 274 in 1,2-DME at 65°C resulted in the formation of the bicyclic 
product 275 in 20% yield. 
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Due to the disappointing yields obtained above, a different approach was sought to 
enhance the reaction yields. It is well known that amine-N-oxides will promote the 
Pauson-Khand reaction3842 by accelerating the loss of a carbon monoxide ligand from the 
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bimetallic alkyne complex. Unpublished results within our own group have shown that 
the Pauson-Khand reaction using a Co/Mo-alkyne complex and promoted by N-
methylmorpholine-N-oxide resulted in low yields of bicyclic product.123b The nature of 
the alkyne used determined the success of the amine-N-oxide promoted Pauson-Khand 
reaction. Generally low yields of cyclised product were obtained but in some instances 
the amine-N-oxide led to oxidative decomplexation of the alkyne giving back the starting 
uncomplexed alkyne moiety. In an attempt to improve ·yields a dicobalt hexacarbonyl 
alkyne complex was used, Scheme 115. Once yields had been optimised, the complex 
could be made inherently chiral by differentiating the two metal centres by addition of 
triphenylphosphine to one of the Co(C0)3 vertices. These complexes have been seen to 
be reactive in the Pauson-Khand reaction.76•141 
200 
c~ Cl c~ww··· I 65'C, 1,2-DME + 
Me_ /J' Cl '/1,\,,,, •• · 
H () H 0 
278 
Scheme 115 
Coz(C0)6-propargyl alcohol complex 200 was stirred together with cis-3,4-
dichlorocyclobutene in DCM at room temperature. N-methylmorpholine-N-oxide was 
then added as a solid portionwise over half an hour, Scheme 115. After purification, a 
low yield of product 276 was recovered. It appeared as though a very fast reaction was 
taking place as condensation was seen on the inside of the reaction flask. The reaction 
was repeated but this time the NMO was added over a longer period of time in an attempt 
to prevent such a vigorous reaction however no increase in the yield was observed. The 
reactivity of the N-methylmorpholine-N-Oxide was checked by reaction of Coz(C0)6- · 
propargyl alcohol 200 with norbomadiene, which gave the expected cyclopentenone in 
60% yield, which is comparable with other results obtained previously. 
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In a second attempt to slow the reaction, the NMO was dissolved in methanol and then 
added dropwise over one hour. After purification, the product 276 was isolated as 
separable isomers in 46% yield and 43% diastereomeric excess respectively. It has been 
shown by Kerr that chiral amine-N-oxides such as brucine-N-oxide can be used to 
selectively decarbonylate the alkyne complex, 102a,b which results in stereocontrol of the 
product. Kerr also proposes that propargyl alcohols give better selectivities due to the 
possibility of hydrogen bonding between the hydroxyl group and a polar functional group 
of theN-oxide. It was envisioned that brucine-N-oxide would help to increase the yield as 
well as the diastereoselectivity of the reaction. Reaction of Co2(C0)6-propargyl alcohol 
200, cis-3,4-dichlorocyclobutene and brucine-N-oxide as a methanolic solution resulted 
in the formation of the product 276 in a reduced 41% yield and a lower 38% 
diastereomeric excess. 
/ 
Other methods that have been reported in the literature for promotion of the Pauson-
Khand reaction have seen the use of sulfides 47.48 and amines 4346 to enhance reaction 
yields. Amines have the drawback of forming reducible cobalt complexes that can cleave 
carbon-hetero atom bonds.47 Sulfides are considered better than amines in terms of 
promotion of the reaction as they are poor er-donors but better 7t-acceptors than amines 
and therefore the cobalt complexes should not undergo this reduction. Sugihara has 
shown that sterically less hindered sulfides47 promote the reaction most successfully and 
also allow the reaction to be carried out at 35°C. Sugihara also found that the less 
favourable substrates cycloheptene and cyclopentene reacted in 85% and 75% yield 
respectively. It was hoped that sulfides would help in the case of cis-3 ,4-
dichlorocyclobutene. 
Dimethyl sulfide, cis-3,4-dichlorocyclobutene and Co2(C0)6-propargyl alcohol 200 was 
stirred together in DCM and warmed to 35°C. After purification of the crude residue the 
product 276 was isolated in a I 0% yield. 
Before this work was concluded, using the data collected from the reactions involving the 
Co/Co-propargyl alcohol complex, an attempt was made to try and assign the 
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stereochemistry of the hydrogens present on the cyclobutane ring. The structures of the 
two possible forms of the product 276 need to be considered in terms of the dihedral 
angles between the hydrogens around the cyclobutane ring, Scheme 116. For structure 
276-1 there are two Newman projections that have a dihedral angle close to 120° and two 
Newman projections that have a dihedral angle close to 0°. In structure 276-11, all four 
Newman projections have dihedral angles close to 0°. In relation to the Karplus equation, 
0° and 180° give coupling constants ofbetween 8-10Hz, with a minimum point ofO Hz 
at 90°. Therefore, structure 276-11 would have coupling constants all in the range of 8-10 
Hz. Structure 276-1 bearing dihedral angles of 120° would exhibit smaller coupling 
constants. 
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278-11 
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In an attempt to clarify the positioning of the hydrogens around the cyclobutane ring 
theoretical calculations and FID spectrum refinement were performed. Geometry 
optimisations were performed on the two structures, 276-1 and 276-11, using Gaussian-03 
computer software, 145 employing the Hartree Fock level of theory and the 6-31G* basis 
set. The true minima obtained from Gaussian were confirmed for each structure via a 
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frequency calculation at the same level of theory and basis set. The three-bond H-C-C-H 
dihedral angles between HI, H5, H6 and H7 were extracted from the optimised 
structures. From the FID obtained during initial compound analysis, accurate scaler 
coupling constants between the protons HI, H5, H6 and H7 were obtained by spectral 
analysis as closely coupled multiplets cannot yield accurate couplings from simplistic 
peak-picking. Spinworks146 was used to process the FIDs and graphically assign and 
iteratively refine the coupling constants via the NUMMRIT algorithm.147 
The coupling constants extracted from the spectrum of the major and minor structures 
differ significantly. The optimised structure from Gaussian of the isomer with all protons 
on the same side, 276-11, revealed that the protons HI, H5, H6 and H7 are all 
approximately eclipsed. Using the Karplus equation, 148 the 3 J H-H coupling constants are 
expected to all be large.)ndeed, the analysis of the 1H NMR spectrum provided four large 
3J H-H couplings. The optimised structure of the isomer with two bridging protons on the 
opposite side to the cyclobutane protons, 276-1, reveali:d that the protons HI and H5 are 
eclipsed, and that H6 and H7 are also eclipsed, however, it is important to note that 
protons Hl and H7 are staggered, as are protons H5 and H6. For this isomer, it is 
expected that the 3J H-H coupling constants to be large and small. Analysis of the 1H 
NMR provided a range of 3J H-H coupling constants. A simple comparison of the 
structural data from Gaussian and the coupling constants from spectral analysis allow the 
two isomers to be assigned. The major isomer has all protons on the same side, 276-11, 
and the minor isomer has the bridging protons on the opposite side to the cyclobutane 
protons, 276-1. Further work is required to confirm the stereochemistry of the major and 
minor isomers by NOE NMR experiments. This was not possible at the time due to a lack 
of material.. 
With the stereochemistry of the protons now known, it can be postulated through which 
transition state the reaction proceeds. As the alkene approaches the metal centre, the 
protons present on the alkene are forced to sit away from the metal centre. Therefore, for 
the major isomer, 276-11, the reaction proceeds through transition states B or C, scheme 
110, where the chlorine atoms are pointing towards the metal. Further experimentation is 
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necessary to decide if the cyclobutene ring itself is above or below the metal centre. It 
can be cautiously postulated that of the two transition states, C would be preferred over B 
as it would alleviate any steric interaction with the substituents present on the alkyne. 
These two transition states were not thought to be the most favoured pathway due to the 
steric interaction between the chlorine and the cobalt. It is therefore thought that there is 
an electronic or stabilising interaction, possibly from a lone pair on the chlorine, between 
the chlorines and the cobalt. In terms of the minor isomer, the reaction is proceeding via 
transition states A or D, with it being postulated that A is favoured over D. 
/ 
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2 . .5 Conclusion 
It has been demonstrated that heterobimetallic Co/Mo-alkyne complexes can be prepared 
in moderate to good yield. Due to the inherent chirality of the mixed metal alkyne core, if 
the alkyne moiety bears differing substituents, has allowed the preparation of 
stereomerically enriched propargylic alcohols, Scheme 117. The controlling factors for 
the observed stereochemistry are uncertain, although it can be postulated that the · 
molybdenum anion will approach past the smaller of the propargylic substituents. 
Attempts have also been made to prepare Co/W-alkyne complexes by the described 
adapted Gladysz methodology. 
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The inherent chirality of Co/Co(PPh3)-alkyne complexes has been exhibited by its use as 
a chiral auxiliary for the addition of Grignard reagents to propargylic aldehydes. Good to 
excellent yields and diastereoselectivities being achieved, Scheme 118. 
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The propargylic alcohols produced following the addition of Grignard reagents to 
complexed propargylic aldehydes have been utilised further in the formation of carbon-
carbon bonds upon addition of cyclic and acyclic enamines to the prepared propargylic 
carbocations. Removal ,9f the alcohol functionality under acidic conditions forms the 
' propargylic carbocation generally in good yield. This allows the addition of nucleophiles 
to the carbocation in a stereoselective manner. Generally, nucleophilic addition proceeds 
in moderate to good yield. Acyclic enamine addition gave poor to good selectivity, 
whereas cyclic enamines gave poor to moderate selectivity upon oxidative removal of the 
metal core, Scheme 119. 
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Investigations have also been made into the stereocontrolling ability of the Co/Mo-alkyne 
core at more remote positions from the auxiliary. The electrophilic addition to enolates, 
derived from propargylic ketqne complexes produced as expected lower levels of 
stereoselectivity although pleasingly moderate levels were still observed, Scheme 120. 
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Gibson76 has demonstrated the ability of Co2(COh(PPh3) to act as a catalyst in the 
intramolecular Pauson-Khand reaction. This prompted us to investigate its use as a 
catalyst in the intermolecular Pauson-Khand reaction. Moderate to good yields were 
achieved. Low levels of diastereoselectivity were obtained when a range of chiral but 
racemic propargylic alcohols were used as substrates. These results prompted us to 
investigate the initial complexation of the alkyne moiety. Co2(C0)7(PPh3) was seen to 
complex to the alkynols in good yield and varying levels of stereocontrol, the best giving 
a 70% de. It is believed that the diastereoselectivity is controlled by the alkynols 
propargylic substituents, Scheme 121. 
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Finally, initial studies have been attempted towards investigating the mechanism of the 
Pauson-Khand reaction. It was envisioned that stereochemical studies of the products 
obtained, linked with the possible transition states that the reaction will proceed through, 
would help to prove/disprove th.e proposed mechanism by Magnus.6 Limited success was 
seen in the limited amount of time available. Moderate yields and moderate levels of 
stereoselectivity were achieved. NMR studies were undertaken, which showed the 
hydrogen substituents to be all on the same side of the cyclobutane ring in the product. It 
has been postulated that the chlorine substituents point towards the metal centre during 
the transition state. 
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2.6 Future Plans 
It has been demonstrated that the cobalt-molybdenum heterobimetallic core can control 
the stereoselectivity of both nucleophilic and electrophilic additions to a suitably 
positioned reactive centre in the bimetallic alkyne complex. In an attempt to improve the 
stereoselectivity, the cyclopentadienyl ligand present on the molybdenum centre could be 
replaced by a bulkier ligand, for example pentamethylcyclopentadienyl (Cp*) ligand, 
Scheme 123. The increase in bulk of the ligand would increase the steric differentiation 
between the two metal centres, thus encouraging the incoming reactant to approach past 
the cobalt face of the molecule. 
/ 
Scheme 123 
Intermolecular Pauson-Khand reactions have been shown to be successfully catalysed by 
Co2(C0)7(PPh3). The dicobalt species was also shown to complex to a range of chiral but 
racemic alkynols in moderate to good yield and diastereoselectivity. This 
diastereoselectivity being lost when the reactants are subjected to catalytic Pauson-Khand 
conditions. Further work is required to investigate why this loss in diastereoselectivity is 
occurring. It has been postulated that it is due to the facile migration of the phosphine 
ligand between the two metal centres. It has been shown in the literature that a phosphite 
ligand/ 14 P[OCH(CF3) 2]J will not undergo this ligand exchange process. Therefore, the 
development of ligands possessing the correct steric bulk to control the stereoselectivity 
and the correct electronic property to ensure no racemisation is one area that needs to be 
addressed. 
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Although some success has been achieved whilst investigating the Pauson-Khand 
reaction, further work is still required. In a bid to improve the yield a more reactive 
substrate may be necessary. Initial attempts have been made towards this by switching 
the chlorine substituents to benzyloxy substituents instead. However, this led to no 
increase in yield for the cyclized product. The chlorine substituents could alternatively be 
replaced by phenoxy groups, which would feed electron density into the cyclobutene ring 
and hopefully make the alkene more reactive, Scheme 124. Along a similar theme, thio 
compounds could also be used, although isolation of the thio cyclobutene may prove 
troublesome, Scheme 124. The best substrate that could be used would be one that 
resulted in the formation of a crystalline bicyclic product. This would allow X-ray 
analysis to be carried out to confirm the. stereochemistry of the ring protons, thereby 
supporting or opposing the proposed reaction pathway. 
/ 
Scheme 124 
Due to nucleophilic and electrophilic reactions being possible, there is opportunity for the 
synthesis of complex molecules. It is hoped that the methodology presented here could be 
used towards the synthesis of a natural product. Following nucleophilic or electrophilic 
addition to the metal-alkyne complex, the bimetallic core is still present which can be 
subjected to either inter- or intramolecular Pauson-Khand reaction conditions, to form a 
cyclopentanone, which is present in many natural products. 
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3.0 Experimental section 
3.1 General information 
Solvent purification 
Commercially available solvents were used throughout for all reactions, which were dried 
and purified if required by the procedures listed below. 
Acetone 
Acetonitrile 
Chloroform 
Dichloromethane 
Diethyl ether 
Diglyme 
Stirred over anhydrous potassium carbonate, followed by 
distillation over anhydrous calcium sulfate. 
Purchased anhydrously from Aldrich. 
~!frchased from Fisher Scientific (99+% ), used without further 
purification. 
Distilled over calcium hydride. 
Purchased from Fisher Scientific, used without further purification 
for general use. Anhydrous solvent was distilled over sodium and 
benzophepone 
Distilled over sodium. 
1,2-Dimethoxyethane Purchased from Lancaster (99+%), used without further 
purification. 
Ethyl Acetate 
Hexane 
Light Petroleum 
Tetrahydrofuran 
Distilled over fused calcium chloride for general use. Anhydrous 
solvent was distilled over phosphorus pentoxide. 
Purchased from Fisher Scientific, used without further purification 
for general use. Anhydrous solvent was distilled over sodium and 
benzophenone. 
Distilled over fused calcium chloride, collecting the fraction 
distilling below 60°C for general use. 
Distilled over sodium and benzophenone. 
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Reagent Purification 
Mo(C0)6 was purchased from Fluka and Co(C0)8 [stabilised by 1-5% hexane] was 
purchased from Strem, both used without further purification. All other chemicals used 
were purchased from Aldrich Chemical Co. Ltd., Lancaster Synthesis Ltd. and Strem 
Chemical Co. Ltd. The reagents were used without further purification unless required, in 
which case, they were either distilled or sublimed. 
All reaction vessels were pre-dried before use by flame drying the exterior of the flask 
whilst purging with dry nitrogen. All reactions were carried out under an inert 
atmosphere of nitrogen unless otherwise stated. All metal carbonyl complexes were 
stored at -18 °C in a freezer under a nitrogen atmosphere. All other organic compounds 
were stored between 2-4J'C in a refrigerator also under a nitrogen atmosphere. 
Chromatographic procedures 
Flash silica column chromatography was carried out using Fluka Kiesel gel 60, 0.04-
0.063 mm or Merck Kiesel gel 60, 0.04-0.063 mm particle size silica. Pressure was 
applied using hand bellows as and when required. Samples were applied as saturated 
solutions in the appropriate solvents or adsorbed onto the minimum amount of silica gel. 
Thin layer chromatography was carried out using Merck TLC aluminium backed sheets 
with Kiesel gel 60 F254 silica coating, using UV light (254 nm) to visualise the plates and 
stained with Potassium permanganate or 2,4 Dinitrophenhydrazine if required. 
Spectral Analysis 
All compounds synthesised herein were analysed using a number of the following 
instruments and procedures listed below: 
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Infrared spectra were recorded as thin films or KBr discs, indicated where appropriate, 
using a Paragon 1000 Perkin-Elmer FT-IR spectrometer in the range of 4000-600 cm·1 
following a standard background correction. 
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1H Nuclear magnetic resonance spectra were recorded using either Broker AC250 or 
Bruker DPX400 spectrometer. The spectra were calibrated where possible to the signals 
of tetramethylsilane or the small quantity of CHCh present in CDCh, typically used as 
the siandard solvent for these experiments. Where possible, coupling constants (J) are 
given denoting their multiplicity, singlet (s), doublet (d), triplet (t), quartet (q), double 
doublets (dd), multiple! (m) or broad signal (br) etc. The size of the coupling constants, 
where possible, have been calculated and displayed in Hertz (Hz). 13C Nuclear magnetic 
resonance spectra were recorded using either Bruker AC250 or Bruker DPX400 
spectrometers. 31P Nucl~ar magnetic resonance spectra were recorded using Bruker 
AC250 spectrometer at 101.26 MHz. Diastereoisomer ratios were calculated by weight in 
the cases where separation of the two isomers was possible. In the cases where separation 
was not possible the ratios were calculated from the integration of suitable peaks in the 
proton NMR spectrum. 
High-resolution mass spectrometry was carried out using a Jeol SX 102 machine, used 
for both electron ionisation (EI) and fast atom bombardment (FAB) ionisation techniques. 
For FAB spectroscopy a matrix of 1,3-nitrobenzylalcohol was used to dissolve the 
compounds under investigation prior to ionisation. 
Elemental analysis was carried out using a Perkin-Elmer CHN 2400 elemental analyser. 
Melting points of solid compounds were recorded using a Stuart Scientific SMP3 
instrument. 
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3.2 Experimental: 
Molybdenum cyclopentadienyl tricarbonyl dim er (155)125 
Dicyclopentadiene was heated at l75°C and the fraction distilling between 35-45°C was 
collected. The freshly prepared cyclopentadiene (18.10 cm3, 212 mmol) was added drop 
wise at 0°C to a pre-dried 3-necked flask containing a suspension of sodium hydride 
[60% mineral oil dispersion](4.24 g, 176 mmol) in anhydrous diglyme (150 cm\ causing 
the suspension to turn pi!fPle in colour. The resulting solution was left to stir at ambient 
/ 
temperature for 1.0 h, the solution deepening in colour. To this solution was added 
molybdenum hexacarbonyl (20.00 g, 75 mmol) and the resulting solution was refluxed 
for 2.0 h. After a few minutes the molybdenum hexacarbonyl started to sublime up the 
condenser at which point n-hexane (20 cm3) was poured down the condenser to prevent 
the sublimation. After cooling, to ambient temperature, methanol (5 cm3) was added 
slowly to destroy any unreacted sodium hydride, followed by distilled water (5 cm3) to 
destroy any unreacted sodium cyclopentadienide. To the reaction mixture was added a 
pre-filtered solution containing distilled water (250 cm\ concentrated acetic acid (15 
cm
3) and hydrated iron (III) sulfate, [Fe2(S04) 3.9H20] (20.00 g), causing the formation of 
a deep purple precipitate. The precipitate was filtered under suction and washed with 
distilled water (1000 cm3), cold methanol (200 cm3) and finally n-hexane (200 cm3). The 
product was dried under suction to yield the title compound as a deep purple powder 
(15.32 g, 41%). mp 232-235°C; Ymax (thin film)/cm'1 2923 (sp3 C-H), 1948, 1918, 1884 
(Mo-C=O); oH (250 MHz, CDCh) 5.30 (!OH, s, Cp H); <>c (62.5 MHz, CDCh) 212.5 
(Mo-C=O), 92.0 (Cp C). 
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(+/-)-Dicobalt hexacarbonyl-but-3-yn-2-ol (169) 130•136 
H 
oc"-
cor----"' 
oc_...... \ 
CO 
HO 
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To a pre-dried flask was added dicobalt octacarbonyl (1.00 g, 2.92 mmol) and DCM (40 
cm3). To this wasadded 3-butyn-2-ol (0.19 cm3, 2.66 mmo1) and the resulting solution 
was left to stir overnight at ambient temperature. The reaction mixture was filtered 
through a plug of celite, concentrated under reduced pressure and purified further by flash 
silica column chromatography (light petroleurnldiethyl ether (5: 1) elution) to yield the 
title compound as a da~5-red solid (0.79 g, 83%). mp 41-43°C; Found: C 33.7%, H 1.6, 
Requires: C 33.7%, H 1.7%; HRMS (FAB) C10H60 7Co2, Requires (~: 355.8778, 
Found (M}: 355.8771 (-2.0 ppm), mlz 356 (M\ 36%), 339 (M+-OH, 34%), 328 (M+-co, 
100%), 323 (M+-OH-H-Me, 38%), 311 (M+-CO-OH, 41%), 300 (M+-2CO, 73%), 283 
(M'-2CO-OH, 20%), 272 (M'-3CO, 78%), 255 (M+-3CO-OH, 14%), 244 (M+-4CO, 
44%), 227 (M+-4CO-OH, 6%), 216 (M+-5CO, 23%), 199 (M+-5CO-OH, 5%), 188 (M+-
1 
6CO, 17%); Vmax (thin film)/cm·1 3404 (OH), 2980, 2933 (sp3 C-H), 2095, 2051, 2021 
(Co-C=O); 15H (400 MHz, CDCh) 6.05 (IH, d, J 0.8 Hz, HC=C), 4.99-4.96 (IH, m, 
CCH(OH)CH3), 1.86 (IH, d, J 4.8 Hz, OH), 1.51 (3H, d, J 6.4 Hz, CCH(OH)CH1); 15c 
(100 MHz, CDCh) 199.4 (Co-C=O), 199.0 (Co-C=O), 101.0 (HC=C), 71.4 (HC=C), 68.3 
(CCH(OH)CH3), 25.7 (CCH(OH)CH3). 
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(+/-)-Dicobalt hexacarbonyl-4-methylpent-1-yn-3-ol (170) 
H 
oc'\. 
c<Jio ~......::.'( 
oc/ \ 
CO 
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To a pre-dried flask was added dicobalt octacarbonyl (1.00 g, 2.92 mmol) and DCM ( 40 
cm3). To this was added (0.28 cm3, 2.66 mmol) and the resulting solution was left to stir 
overnight at ambient temperature. The reaction mixture was filtered through a plug of 
celite, concentrated under reduced pressure and purified further by flash silica column 
chromatography (light petroleum/diethyl ether (5:1) elution) to yield the title compound 
as a dark red oil (1.00 7 98%). HRMS (FAB) C12Hw07Co2, Requires (M): 383.9091, 
Found (M'}: 383.9083 (-1.9 ppm), mlz 384 (M\ 19%), 367 (M'-OH, 24%), 356 (M'-CO, 
95%), 339(M•-co-OH, 31%), 328 (M•-2c0, 84%), 311 (M'-2CO-OH, 16%), 300 (M+-
3CO, 100%), 283 (M•-3CO-OH, 10%), 272 (M•-4CO, 44%), 244 (M•-5CO, 13%), 216 
(M+-6CO, 20%); Ymax (thin film)/cm·1 3484 (OH), 2964, 2933, 2874 (sp3 C-H), 2094, 
2051, 2021 (Co-C=O); oH (250, MHz, CDCh) 6.07 (1H, d, J 0.7 Hz, HC=C), 4.30 (lH, 
dd, J 6.3 Hz and J' 7.8 Hz, CCH(OH)CH(CH3)2), 1.89 (lH, d, J 5.6 Hz, OH), 1.72-1.55 
(1H, m, CCH(OH)CH(CHl)z), 1.14 (3H, d, J 6.5 Hz, CCH(OH)CH(CH3)2), 1.01 (3H, d, J 
6.7 Hz, CCH(OH)CH(CH3)2); lie (62.5 MHz, CDCb) 199.4 (Co-C=O), 98.8 (HC=C), 
78.1 (CCH(OH)CH(CHl)z), 72.6 (HC=C), 36.2 (CCH(OH)CH(CHl)z), 19.2 
(CCH(OH)CH(CH3)2), 19.0 (CCH(OH)CH(CHl)z). 
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(+/-)-Dicobalt hexacarbonyl-1-phenyl-prop-2-yn-1-ol (171)130•141 
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To a pre-dried flask was added dicobalt octacarbonyl (1.00 g, 2.92 mmol) and DCM (40 
cm
3). To this was added 1-phenyl-prop-2-yn-1-ol [tech. grade, 85%](0.38 cm3, 2.66 
mmol) and the resulting solution was left to stir overnight at ambient temperature. The 
reaction mixture was filtered through a plug of celite, concentrated under reduced 
pressure and purified further by flash silica column chromatography (light 
petroleum/diethyl ether )5:1) to yield the title compound as a dark red solid (1.10 g, 
99%). mp 63-65°C [Lit. 33-35°C]; Found: C 43.1%, H 1.7%, Requires: 43.1%, H 1.9%; 
HRMS·(FAB) C1sHs07Coz, Requires (M'): 417.8943, Found (M'): 417.8934 (-2.3 ppm), 
mlz 418 (M\ 6%), 401 (M+-OH, 12%), 390 (M+-CO, 51%), 373 (M+-CO-OH, 23%), 362 
(W-2CO, 16%), 334 (M+-3CO, 100%), 317 (W-3CO-OH, 19%), 306 (M+-4CO, 42%), 
289 (M+-4CO-OH, 13%), 278 (M+-SCO, 25%), 261 (M+-SCO-OH, 5%), 250 (W-6CO, 
42%); Ymax (thin film)/cm'1 3423 (OH), 2094, 2052, 2022 (Co-C=O), 701 (Ar C-H); OH 
(250 MHz, CDCh) 7.47-7.44 (2H, m, aryl H), 7.39-7.24 (3H, m, aryl H), 6.07 (!H, d, J 
0.9 Hz, HC=C), 5.90 (!H, d, J 3.5 Hz, CCH(OH)Ph), 2.33 (!H, d, J 3.7 Hz, OH); Be 
(62.5 MHz, CDCI3) 199.3 (Co-C=O), 144.0 (ArC), 128.5 (ArCH), 128.0 (ArCH), 125.2 
(ArCH), 101.1 (HC=C), 74.0 (CCH(OH)Ph), 71.89 (HC=C). 
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(+/-)-Dicobalt hexacarbonyl-3,4,4-trimethyl-pent-1-yn-3-ol (172) 
HO 
To a pre-dried flask was added dicobalt octacarbonyl (1.00 g, 2.92 mmol) and DCM ( 40 
cm3). To this was added 3,4,4-trimethyl-pent-1-yn-3-ol (0.39 cm3, 2.66 mmol) and the 
resulting solution was left to stir overnight at ambient temperature. The reaction mixture 
was filtered through a plug of celite, concentrated under reduced pressure and purified 
further by flash silica column chromatography (light petroleum/diethyl ether (5:1) to 
yield the title+compoun~s a dark red oil :1.10 g, 96%). HRMS (FAB) C14H1407C:2-CO, 
Requires (M -CO): 383.9454, Found (M -CO): 383.9454 (0 ppm), mlz 412 (M , 7%), 
395 (M+-OH, 21%), 384 (~-CO, 74 %), 379 (M+-OH-Me-H, 55%), 367 (M+-CO-OH, 
28%), 356 (~-2CO, 100%), 339 (~-2CO-OH, 22%), 328 (~-3CO, 100%), 311 (M+-
3CO-OH, 20%), 300 (~-4CO, 29%), 283 (M+-4CO-OH, 6%), 272 (~-5CO, 19%), 244 
(~-6CO, 46%); Vmax (thin film//cm·1 3476 (OH), 2979 (sp3 C-H), 2092, 2050, 2019 (Co-
C=O); OH (250 MHz, CDCh) 6.10 (IH, s, HC=C), 1.63 (IH, s, OH), 1.53 (3H, s, 
CCCHJ(OH)C(CH3)J), 1.10 (9H, s, CCCH3(0H)C(CH3) 3); cSc (62.5 MHz, CDCh) 199.7 
(Co-C=O), 102.8 (HC=C), 78.3 (CCCH3(0H)C(CH3)3), 73.9 (HC=C), 39.3 
(CCCHJ(OH)C(CHJ)J), 29.0 (CCCH3(0H)C(CH3)3), 26.3 (CCCHJ(OH)C(CHJ)J). 
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(+I-)-Dico bal t hexacarbonyl-2-ethynyl-1, 7, 7-trimethyl-bi cyclo !2.2.1 I heptan-2-ol 
(177) 
To a pre-dried flask was added dicobalt octacarbonyl (6.03 g, 17.64 mmol) and DCM (70 
cm3). To this was added 2-ethynyl-1,7,7-trimethyl-bicyclo[2.2.1]heptan·2·ol (2.85 g, 
16.03 mmol) and the resulting solution was left to stir overnight at ambient temperature. 
The reaction mixture W)IS filtered through a plug of celite, concentrated under reduced 
' 
pressure and purified further by flash silica column chromatography (light 
petroleum/diethyl ether (10:1) to yield the title compound as a dark red solid (6.93 g, 
93%). mp 55-57°C; Found: C 46.5%, H 3.95%, Requires: C 46.6%, H 3.9%; HRMS 
(FAB) C1sHis07Co2-CO, Requires (M+·CO): 435.9768, Found (M+-CO): 435.9776 (+1.9 
ppm), mlz 436 (M+-CO, 26 %), 408 (M+·2CO, 57%), 380 (~-3CO, 100%), 352 (M+-
4CO, 6%), 324 (M+-5CO, 49%), 296 (M+-6CO, 67%); Vmax (thin film)/cm·1 3583 (OH), 
2989, 2955, 2875 (sp3 C·H), 2092, 2049, 2021 (Co-C=O); OH (250 MHz, CDCh) 6.11 
(1H, s, HC=C), 2.47 (1H, dt, J 3.8 Hz and J' 13.1 Hz, CC(OH)CH2), 1.93 (IH, s, OH), 
1.84-1.79 (2H, m, CC(OH)CHzCH and C(CH3)CH2), 1.60-1.42 (3H, m, C(CH3)CHzCH2 
and C(CH3)CHzCH2 and CC(OH)CH2), 1.25-1.20 (IH, m, C(CH3)CH2), 1.19 (3H, s, 
C(CHJ)z), 0.93 (3H, s, C(CH3)CH2), 0.91 (3H, s, C(CHJ)z); 8c (100 MHz, CDCh) 199.9 
(Co-C=O), 105.6 (HC=C), 82.9 (HC=CC(OH)), 74.6 (HC=C), 54.7 (CC(OH)CHz), 53.8 
(C(CHJ)CHz), 51.0 (C(CH3)2), 45.4 (CC(OH)CHzCH), 30.4 (C(CHJ)CHzCHz), 27.8 
(C(CHJ)CHz), 21.6 (C(CH3)2), 21.3 (C(CH3)2), 10.7 (C(CHJ)CHz). 
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(+/-)-Cobalt tricarbonyl molvbdenum dicarbonylcyclopentadienyl-but-3-yn-2-ol 
073)mc,133b 
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To a pre-dried flask was added molybdenum cyclopentadienyl tricarbonyl dimer (0.38 g, 
0.77 mmol) and anhydrous THF (50 cm3). To this was added carefully, K-Selectride [!M 
THF soln.](1.92 cm3, 1.92 mmol), and the reaction mixture was left to stir at ambient 
temperature for 1.0 h, during which time the solution turned from a deep purple colour to 
a yellow/orange colour.,;:>icobalt hexacarbonyl-but-3-yn-2-ol (0.55 g, 1.53 mmol) was 
added and the resulting solution was refluxed for 2.5 h. After cooling, the reaction 
mixture was adsorbed onto flash silica gel and filtered through a pad of celite. The 
resulting solution was concentrated under reduced pressure and further purified by flash 
silica column chromatography (light petroleurnldiethyl ether (6:1) elution) to yield the 
title complex as an inseparable It!ixture of diastereoisomers as dark red oils (0.32 g, 48%, 
36% de). Assigned from combined spectra, HRMS (FAB) C14Hu06CoMo, Requires 
(M}: 431.8942, Found (M}: 431. 8936 (-1.4 ppm), mlz 432 (M\ 21%), 415 (M+-OH, 
14%), 404 (M+-CO, 51%), 387 (M+-CO-OH, 23%), 376 (M+-2CO, 100%), 359 (M+-
2CO-OH, 16%), 348 (M+-3CO, 43%), 331 (~-3CO-OH, 12%), 320 (M+-4CO, 42%), 
303 (~-4CO-OH, 14%), 292 (~-5CO, 39%), 275 (M+-5CO-OH, 13%); Ymax (thin 
film)/cm' 1 3408 (OH), 2975, 2928, 2870 (sp3 C-H), 2049, 1979, 1938, 1885 (Mo-C=O, 
Co-C=O); (i) Major diastereoisomer oH (250 MHz, CDCb) 5.72 (IH, d, J0.7 Hz, HC=C), 
5.46 (5H, s, Cp H), 4.82-4.72 (IH, m, CCH(OH)CH3), 1.55 (IH, d, J 6.3 Hz, OH), 1.41 
(3H, d, J 6.3 Hz, CCH(OH)CH3); oc (lOO MHz, CDCb) 225.5 (Mo-C=O), 224.4 (Mo-
C=O), 204.3 (Co-C=O), 93.2 (HC=C), 90.1 (Cp C), 78.7 (HC=C), 71.6 (CCH(OH)CHJ), 
26.9 (CCH(OH)CHJ); (ii) Minor diasteroisomer OH (250 MHz, CDCb) 5.77 (IH, d, J 0.5 
Hz, HC=C), 5.50 (5H, s, Cp H), 5.04-4.95 (IH, m, CCH(OH)CH3), 1.68 (IH, d, J 3.5 Hz, 
OH), 1.32 (3H, d, J 6.3 Hz, CCH(OH)CH3); oc (100 MHz, CDCb) 224.7 (Mo-C=O), 
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224.7 (Mo-C=O), 204.3 (Co-C=O), 92.9 (HC=C), 90.0 (Cp C), 79.0 (HC=C), 71.6 
(CCH(OH)CHJ), 25.4 (CCH(OH)CHJ). 
(+/-)-Cobalt tricarbonyl molybdenumdicarbonylcyclopentadienyl-4-methylpent-1-
yn-3-ol (174)123' 
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To a pre-dried flask was added molybdenum cyclopentadienyl tricarbonyl dimer (0.19 g, 
0.39 mmol) and anhydrous THF (50 cm\ To this was added carefully, K-Selectride [!M 
/ 
THF soln.](0.98 cm3, 0.98 mmol), and the reaction mixture was left to stir at ambient 
temperature for 1.0 h, during which time the solution turned from a deep purple colour to· 
a yellow/orange colour. Dicobalt hexacarbonyl-4-methyl-pent-1-yn-3-ol (0.30 g, 0. 78 
mmol) was added and the resulting solution was refluxed for 2.5 h. After cooling, the 
reaction mixture was adsorbed .onto flash silica gel and filtered through a pad of celite. 
The resulting solution was concentrated under reduced pressure and further purified by 
flash silica column chromatography (light petroleum/diethyl ether (5:1) elution) to yield 
the title complex as an inseparable mixture of diastereoisomers as dark red oils (0.20 g, 
55%, 6% de). Assigned from combined spectra, HRMS (FAB) C16His06CoMo-CO, 
Requires (M+·CO): 431.9306, Found (M}: 431.9299 (-1.5 ppm), mlz 432 (M+·CO, 5%), 
404 (M+-2CO, 9%), 376 (M+-3CO, 27%), 348 (M+-4CO, 16%), 320 (M+-5CO, 20%); 
Vmax (thin film)/cm'1 3476 (OH), 2961, 2926, 2871 (sp3 C-H), 2047, 1992, 1942, 1884 
(Mo-C=O, Co-C=O); (i) Major diastereoisomer OH (400 MHz, CDCh) 5.92 (IH, s, 
HC=C), 5.51 (SH, s, Cp H), 4.39 (IH, dd, J 3.8 Hz and J' 7.8 Hz, CCH(OH)CHJ), 1.68 
(IH, d, J 3.8 Hz, OH), 1.65-1.53 (IH, m, CCH(OH)CH(CH3)z), 1.05 (3H, d, J 6.6 Hz, 
CCH(OH)CH(CH3)2), 0.91 (3H, d, J6.6 Hz, CCH(OH)CH(CH3)2); oc (100 MHz, CDCh) 
225.2 (Mo-C=O), 224.8 (Mo-C=O), 204.0 (Co-C=O), 90.7 (HC=C), 90.2 (Cp C), 80.8 
(CCH(OH)CH(CH3)2), 80.3 (HC=C), 35.2 (CCH(OH)CH(CH3)2), 20.0 
Heterobimetallic Alkyne Complexes and their use in Asymmetric Synthesis !53 
(CCH(OH)CH(CH3)2), 19.5 (CCH(OH)CH(CH3)2); (ii) Minor diastereoisomer OH (400 
MHz, CDCh) 5.85 (1H, s, HC=C), 5.45 (5H, s, Cp H), 4.17 (IH, app. t, J 6.8 Hz, 
CCH(OH)CH3), 1.65-1.53 (1H, m, CCH(OH)CH(CH3)2), 1.50 (IH, d, J 6.8 Hz, OH), 
1.02 (3H, d, J 6.5 Hz, CCH(OH)CH(CH3)2), 1.01 (3H, d, J 6.5 Hz, CCH(OH)CH(CH3)2); 
oc (100 MHz, CDCh) 225.8 (Mo-C=O), 224.8 (Mo-C=O), 204.0 (Co-C=O), 91.2 
(HC=C), 90.4 (Cp C), 80.7 (CCH(OH)CH(CH3)2), 78.4 (HC=C), 36.3 
(CCH(OH)CH(CH3)2), 18.8 (CCH(OH)CH(CH3)2), 18.2 (CCH(OH)CH(CH3)2). 
(+/-)-Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-1-phenyl-prop-2-
yn-1-ol (175)123' 
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To a pre-dried flask was added molybdenum cyclopentadienyl tricarbonyl dimer (0.18 g, 
0.36 mmol) and anhydrous THF, (50 cm3). To this was added carefully, K-Selectride [1M 
THF soln.](0.90 cm3, 0.90 mmol), and the reaction mixture was left to stir at ambient 
temperature for 1.0 h, during which time the solution turned from a deep purple colour to 
a yellow/orange colour. Dicobalt hexacarbonyl-1-phenyl-prop-2-yn-1-ol (0.30 g, 0.72 
mmol) was added and the resulting solution was refluxed for 2.5 h. After cooling, the 
reaction mixture was adsorbed onto flash silica gel and filtered through a pad of celite. 
The resulting solution was concentrated under reduced pressure and further purified by 
flash silica column chromatography (light petroleum/diethyl ether (6:1) elution) to yield 
the title complex as an inseparable mixture of diastereoisomers as dark red oils (0.15 g, 
50%, 38% de). Assigned from combined spectra, HRMS (FAB) C19Hll06CoMo-CO, 
Requires (M+·CO): 465.9149, Found (M+-CO): 465.9158 (+1.9 ppm), mlz 466 (M+-co, 
7%), 449 (M+·CO-OH, 6%), 438 (M+-2CO, 6%), 421 (W-2CO-OH, 5%), 410 (W-3CO, 
80%), 393 (M+-3CO-OH, 8%), 382 (M+·4CO, 14%), 365 (M+-4CO-OH, 12%), 354 (M+-
5CO, 73%), 337 (M+-5CO-OH, 20%); Ymax (thin fi1m)/cm·1 3429 (OH), 3111, 3028, 
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2916, 2850 (sp3 C-H), 2048, 1980, 1888 (Mo-C=O, Co-C=O); (i) Major diastereoisomer 
oH (250 MHz, CDCh) 7.33-7.22 (5H, m, aryl H), 5.74 (!H, s, HC=C), 5.68 (!H, d, J 4.0 
Hz, CCH(OH)Ph), 5.39 (5H, s, Cp H), 2.1 I (IH, d, J 4.2 Hz, OH); oc (100 MHz, CDCI3) 
225.7 (Mo-C=O), 223.9 (Mo-C=O), 203.1 (Co-C=O) 145.2 (ArC), 128.2 (ArCH), 127.6 
(ArCH), 125.4 (ArCH), 92.3 (HC=C), 90.2 (Cp C), 78.7 (HC=C), 77.2 (CCH(OH)Ph); 
(ii) Minor diastereoisomer OH (250 MHz, CDCh) 7.33-7.22 (5H, m, aryl H), 5.94 (IH, d, 
J 3.0 Hz, CCH(OH)Ph), 5.80 (IH, s, HC=C), 5.39 (5H, s, Cp H), 2.11 (1H, d, J 4.2 Hz, 
OH); oc (100 MHz, CDCh) 224.8 (Mo-C=O), 222.3 (Mo-C=O), 203.1 (Co-C=O) 144.1 
(ArC), 128.2 (ArCH), 127.5 (ArCH), 125.4 (ArCH), 91.9 (HC=C), 89.9 (Cp C), 80.4 
(HC=C), 77.5 (CCH(OH)Ph). 
(+/-}-Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-3,4,4-trimethyl-
/ 
pent-1-yn-3-ol (176)123' 
H 
H 
OH H OH 
0~ ,,,,,, /eo or 
'''it /CO 
Co ·f~ ''r?PJ oc/ \ CO oc oc 
To a pre-dried flask was added molybdenum cyclopentadienyl tricarbonyl dimer (0.33 g, 
0.67 mmol) and anhydrous THF (50 cm3). To this was added carefully, K-Selectride [!M 
THF so1n.](l.67 cm3, 1.67 mmol), ~nd the reaction mixture was left to stir at ambient 
temperature for 1.0 h, during which time the solution turned from a deep purple colour to 
a yellow/orange colour. Dicobalt hexacarbonyl-3,4,4-trimethyl-pent-1-yn-3-ol (0.55 g, 
1.34 mmol) was added and the resulting solution was refluxed for 2.5 h. After cooling, 
the reaction mixture was adsorbed onto flash silica gel and filtered through a pad of 
celite. The resulting solution was concentrated under reduced pressure and further 
purified by flash silica column chromatography (light petroleum/diethyl ether (5: I) 
elution) to yield the title complex as an inseparable mixture of diastereoisomers as dark 
red oils (0.21 g, 34%, 24% de). Assigned from combined spectra, HRMS (FAB) 
CtsHt906CoMo, Requires (M}: 487.9568, Found (M}: 487.9557 (-2.1 ppm), mlz 488 
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(M\ 8%) 460 (M+·CO, 37%), 432 (M+-2CO, 100%), 404 (~-3CO, 35%), 376 (M+-
4CO, 52%), 348 (M+-5CO, 47%); Ymax (thin film)/cm"1 2958, 2874 (sp3 C-H), 2045, 
1975, 1941 (Mo-C=O, Co-C=O); (i) Major diastereoisomer OH (400 MHz, CDCh) 6.02 
(IH, s, HC=C), 5.50 (5H, s, Cp H), 1.37 (3H, s, CCCH3(0H)C(CHJ)J), 1.26 (1H, s, OH), 
1.04 (9H, s, CCCHJ(OH)C(CHJ)J); oc (100 MHz, CDCh) 225.5 (Mo-C=O), 224.3 (Mo-
C=O), 208.5 (Co-C=O), 93.0 (HC=C), 90.2 (Cp C), 83.2 (HC=C), 79.6 
(CCCHJ(OH)C(CHJ)J), 40.0 (CCCH3(0H)C(CH3)3), 30.7 (CCCH3(0H)C(CH3)3), 26.7 
(CCCHJ(OH)C(CHJ)J); (ii) Minor diastereoisomer oH (400 MHz, CDCb) 6.08 (1H, s, 
HC=C), 5.49 (5H, s, Cp H), 1.34 (3H, s, CCCH3(0H)C(CH3)3), 1.25 (IH, s, OH), 1.04 
(9H, s, CCCHJ(OH)C(CHJ)J); oc (100 MHz, CDCb) 226.3 (Mo-C=O), 224.7 (Mo-C=O), 
208.5 (Co-C=O), 93.3 (HC=C), 90.7 (Cp C), 84.8 (HC=C), 80.3 (CCCHJ(OH)C(CHJ)J), 
40.0 (CCCHJ(OH)C(CHJ)J), 28.8 (CCCH3(0H)C(CH3)J), 26.7 (CCCHJ(OH)C(CHJ)J). 
/ 
(+!-)-Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-2-ethynyl-1, 7, 7-
trimethyl-bicyclo[2.2.1Jheptan-2-ol (178)123< 
To a pre-dried flask was added molybdenum cyclopentadienyl tricarbonyl dimer (0.16 g, 
0.32 mmol) and anhydrous THF (50 cm3). To this was added carefully, K-Selectride [1M 
THF soln.](0.81 cm3, 0.81 mmql), and the reaction mixture was left to stir at ambient 
temperature for 1.0 h, during which time the solution turned from a deep purple colour to 
a yellow/orange colour. Dicobalt hexacarbonyl-2-ethynyl-1,7,7-trimethyl-
bicyclo[2.2.1]heptan-2-ol (0.30 g, 0.65 mmol) was added and the resulting solution was 
refluxed for 2.5 h. After cooling, the reaction mixture was adsorbed onto flash silica gel 
and filtered through a pad of celite. The resulting solution was concentrated under 
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reduced pressure and further purified by flash silica column chromatography (light 
petroleum/diethyl ether (6: I) elution) to yield the title complex as an inseparable mixture 
of diastereoisomers as dark red oils (0.11 g, 32%, 2% de). Assigned from combined 
spectra, HRMS (FAB) CzzHz306CoMo, Requires (M'): 539.9881, Found (M'): 539.9890 
(+1.7 ppm), mlz 540 (M+, 7%), 539 (M+-H, 7%), 512 (W-CO, 20%), 511 (M+-CO-H, 
13%), 510 (W-2Me, 17%), 495 (M+-3Me, 8%), 484 (M+-zco, lOO%), 483 (M+-zco-H, 
54%), 456 (M+-3CO, 30%), 455 (W-3CO-H, 16%); 428 (M+-4CO, 27%), 427 (M+-4CO-
H, 21%), 400 (M+-5CO, 49%), 399 (W-5CO-H, 66%); Vmax (thin film)/cm·1 2952, 2872-
(sp3 C-H), 2043, 1992, 1967, 1937 (Mo-C=O, Co-C=O); (i) Major diastereoisomer, OH 
(250 MHz, CDCh) 5.92 (IH, ·S, HC=C), 5.52 (5H, s, Cp H), 2.27-2.15 (IH, m, 
CC(OH)CH2), 1.82-1.71 (3H, m, C(CH3)CH2 and CC(OH)CHzCH and OH), 1.57-1.25 
, (4H, m, CC(OH)CH2 and C(CH3)CH2 and C(CH3)CHzCH2 and C(CH3)CHzCH2), 1.12 
(3H, s, C(CH3)z), 0-91-0.85 (6H, m, C(CHJ)z and C(CH3)CHz); (ii) Minor 
diastereoisomer, OH (250 MHz, CDCh) 6.06 (1H, s, HC=C), 5.49 (5H, s, Cp H), 2.27-
2.15 (IH, m, CC(OH)CH2), 1.82-1.71 (2H, m, C(CH3)CH2 and CC(OH)CHzCH), 1.65 
(IH, s, OH), 1.57-1.25 (4H, m, CC(OH)CH2 and C(CH3)CH2 and C(CH3)CHzCH2 and 
C(CH3)CHzCH2), 1.14 (3H, s, C(CH3)z), 0.91-0.85 (6H, m, C(CH3)z and C(CH3)CHz). 
[Note: 13C spectra was acquired but major and minor signals were unassignable] 
( +/-)-Dicobalt hexacarbonyl-3-methoxy-butvne (179)123< 
M eO 
H CH3 
To a pre-dried flask was added dicobalt hexacarbonyl-but-3-yn-2-ol (1.13g, 3.17 mmol) 
and anhydrous DCM (30 cm3). Boron triflouride etherate (0.80 cm3, 6.34 mmol) was 
added slowly and the resulting solution was left to stir for 0.5 h at ambient temperature. 
After this time, methanol (0.64 cm3, !5.85 mmol) was added and the solution was left to 
stir at ambient temperature for a further 1.0 h. Sodium hydrogen carbonate and 
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magnesium sulfate were added to the reaction mixture, which was then filtered through a 
pad of celite and the resulting solution was concentrated under reduced pressure. The 
crude residue was purified further by flash silica column chromatography (light 
petroleum/diethyl ether (5: I) elution) to yield the title complex as a dark red oil (1.04 g, 
88%). HRMS (FAB) CuHs0?CD2, Requires (M•): 369.8934, Found (M"): 369.8934 (0 
ppm), m/z 370 (M+, 16%), 355 (M+-Me, 11 %), 342 (M+·CO, 90%), 327 (M+·CO-Me, 
7%), 314 (M+-2co, 83%), 286 (M'-3co, 100%), 258 (M+-4co, 54%), 230 (M'-sco, 
26%), 202 (M+-6CO, 12%); Vrnax (thin film)/cm·1 3081, 2984, 2934, 2823 (sp3 C-H), 
2094, 2051,2021 (Co-C=O), 1123, 1100, 1069 (C-0); OH (250 MHz, CDC]J) 6.10 (lH, d, 
J 0.9 Hz, HC=C), 4.46 (1H, dq, J 1.0 Hz and J' 6.2 Hz, CCH(OCHJ)CHJ), 3.46 (3H, s, 
OCH1), 1.50 (3H, d, 13.2 Hz, CCH(OCH3)CH3); oc (100 MHz, CDCh) 199.6 (Co-C=O), 
96.7 (HC=C), 77.0 (CCH(OCH3)CH3), 72.7 (HC=C), 56.8 (OCHJ), 23.0 
(CCH(OCHJ)CHJ). / 
(+/-)-Dicoba1t hexacarbonyl-3-methoxy-4-methyl-pentyne (180) 123' 
MeO 
H 
To a pre-dried flask was added dicobalt hexacarbony1-4-methylpent-1-yn-3-ol (0.95 g, 
2.46 mmol) and anhydrous DCM (30cm3). Boron triflouride etherate (0.62 cm3, 4.93 
mmol) was added slowly and the resulting solution was left to stir for 0.5 h at ambient 
temperature. After this time, methanol (0.50 cm3, 12.32 mmol) was added and the 
solution was left to stir at ambient temperature for a further 1.0 h. Sodium hydrogen 
carbonate and magnesium sulfate were added to the reaction mixture, which was then 
filtered through a pad of celite and the resulting solution was concentrated under reduced 
pressure. The crude residue was purified further by flash silica column chromatography 
(light petroleum/diethyl ether (5: 1) elution) to yield the title complex as a dark red oil 
(0.88 g, 89%). HRMS (FAB) C13H1207Co2, Requires (M+): 397.9247, Found (M'): 
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397.9250 (+0.7 ppm), mlz 398 (M+, 9%), 383 (M+-Me, 6%), 370 (M+-co, 69%), 367 
(W-OMe, 8%), 355 (M+-CO-Me, 7%), 342 (M+-2CO, 62%), 327 (~-2CO-Me, 5%), 
314 (M+-3CO, 100%), 299 (~-3CO-Me, 5%), 286 (M+-4CO, 53%), 271 (M+-4CO-Me, 
10%), 258 (M+-sco, 19%), 230 (M+-6CO, 12%); Ymax (thin film)/cm· 1 2962,2931,2874, 
2824 (sp3 C-H), 2093, 2050, 2021 (Co-C=O), 1093 (C-0); 8H (250 MHz, CDCb) 6.07 
(!H, d, J 0.9 Hz, HC=C), 3.87 (1H, dd, J 0.7 Hz and J' 7.2 Hz, CCH(OCHJ)CH(CHJ)z), . 
3.55 (3H, s, OCH1), 1.87-1.73 (1H, m, CCH(OCH3)CH(CH3)2), 1.10 (3H, d, J 6.7 Hz,. 
CCH(OCHJ)CH(CH3)2), 1.02 (3H, d, J 6.7 Hz, CCH(OCH3)CH(CHJ)z); 8c (100 MHz, 
CDCb) 199.9 (Co-C=O), 199.7 (Co-C=O), 94.6 (HC=C), 88.0 (CCH(OCH3)CH(CHJ)2), 
73.4 (HC=C), 59.7 (OCH3), 35.6 (CCH(OCH3)CH(CH3)2), 19.6 
(CCH(OCHJ)CH(CH3)2), 18.9 (CCH(OCH3)CH(CH3)2). 
(+/-)-Dicobalt'hexacarbonyl-3-methoxy-3-phenyl-propyne (181)123< 
M eO 
H 
To a pre-dried flask was added dicobalt hexacarbonyl-1-phenyl-prop-2-yn-1-ol (1.06 g, 
2.54 mmol) and anhydrous DCM (30cm\ Boron triflouride etherate (0.64 cm3, 5.08 
mmol) was added slowly and the resulting solution was left to stir for 0.5 h at ambient 
temperature. After this time, methanol (0.51 cm3, 12.71 mmol) was added and the 
solution was left to stir at ambient temperature for a further 1.0 h. Sodium hydrogen 
carbonate and magnesium sulfate were added to the reaction mixture, which was then 
filtered through a pad of celite and the resulting solution was concentrated under reduced 
pressure. The crude residue was purified further by flash silica column chromatography 
(light petroleum/diethyl ether (5:1) elution) to yield the title complex as a dark red solid 
(0.96 g, 88%). mp 32-34°C; Found: C 44.7%, H 2.3%, Requires: C 44.5%, H 2.3%; 
HRMS (FAB) Ct6H1007Co2, Requires (M+-CO): 403.9142, Found (M+-CO): 403.9138 (-
0.8 ppm), mlz 432 (M+, 4%), 404 (M+-CO, 34%), 376 (M+-2CO, 16%), 348 (M+-3CO, 
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100%), 320 (M•-4cO, 64%), 292 (M'"-5CO, 63%), 264 (W-6CO, 15%); Vmax (thin 
film)/cm·1 3086, 3027, 2988, 2933, 2822 (sp3 C-H), 2094, 2054, 2017 (Co-C=O), 1103, 
1088 (C-0); cSH (250 MHz, CDCIJ) 7.41-7.25 (5H, m, aryl H), 6.02 (IH, d, J 0.9 Hz, 
HC=C), 5.28 (IH, d, J 0.9 Hz, CCH(OCHJ)Ph), 3.45 (3H, s, OCH1); cSc (100 MHz, 
CDCb) 199.3 (Co-C=O), 142.2 (Ar C), 128.5 (ArCH), 128.0 (Ar CH), 126.2 (Ar CH), 
98.4 (HC=C), 83.5 (CCH(OCH3)Ph), 72.1 (HC=C), 57.3 (OCH3). 
(+/-)-Cobalt tricarbonyl molybdenumdicarbouylcyclopentadienyl-3-methoxy-butyne 
(182)123< 
To a pre-dried flask was added molybdenum cyclopentadienyl tricarbonyl dimer (0.30 g, 
0.6lmmol) and anhydrous THF (50 cm3). To this was added carefully, K-Selectride [!M 
THF soln.](l.53 cm3, 1.53 mmol), and the reaction mixture was left to stir at ambient 
temperature for 1.0 h, during which time the solution turned from a deep purple colour to 
a yellow/orange colour. Dicobalt hexacarbonyl-3-methoxy-butyne (0.45 g, 1.22 mmol) 
was added and the resulting solution was refluxed for 2.5 h. After cooling, the reaction 
mixture was adsorbed onto flash silica gel. and filtered through a pad of celite. The 
resulting solution was concentrated under reduced pressure and further purified by flash 
silica column chromatography (light petroleurnldiethyl ether (5:1) elution) to yield the 
title complex as an inseparable mixture of diastereoisomers as dark red oils (0.33 g, 61%, · 
17%de). Assigned from combined spectra, HRMS (FAB) CtsHI306CoMo, Requires 
(M}: 445.9098, Found (M}: 445.9105 (+1.5 ppm), mlz 446 (M\ 18%), 418 (M•-co, 
32%), 415 (M•-0Me, 29%), 390 (M•-2c0, 100%), 387 (M•-co-OMe, 80%), 362 (M•-
3CO, 46%), 359 (M+-2C0-0Me, 42%), 334 (W-4CO, 25%), 331 (M•-3C0-0Me, 24%), 
306 (W-5CO, 19%), 303 (M•-4C0-0Me, 23%), 275 (M+-5C0-0Me, 16%); Vmax (thin 
film)/cm· 1 2976, 2928 (sp3 C-H), 2048, 1977, 1936 (Mo-C=O, Co-C=O); (i) Major 
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diastereoisomer OH (250 MHz, CDCb) 5.73 (IH, s, HC=C), 5.47 (SH, s, Cp H), 4.42 (IH, 
q, J 6.2 Hz, CCH(OCHJ)CHJ), 3.40 (3H, s, OCH3), 1.30 (3H, d, J 6.2 Hz, 
CCH(OCH3)CH3); Be (lOO MHz, CDCb) 225.6 (Mo-C=O), 225.5 (Mo-C=O), 203.9 (Co-
C=O), 90.2 (Cp C), 89.6 (HC=C), 81.1 (CCH(OCHJ)CHJ), 77.9 (HC=C), 56.9 (OCH3), 
23.0 (CCH(OCH3)CH3); (ii) Minor diastereoisomer oH (250 MHz, CDCb) 5.80 (IH, s, 
HC=C), 5.44 (SH, s, Cp H), 4.35 (IH, q, J 6.2 Hz, CCH(OCH3)CH3), 3.37 (3H, s, OCH3), 
1.35 (3H, d, J 6.3 Hz, CCH(OCH3)CH3); Be (lOO MHz, CDCb) 226.2 (Mo-C=O), 225.5 
(Mo-C=O), 203.9 (Co-C=O), 90.6 (HC=C), 90.2 (Cp C), 80.0 (CCH(OCH3)CH3), 78.2 
(HC=C), 56.7 (OCH3), 23.0 (CCH(OCH3)CH3). 
(+/-)-Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-3-methoxy-4-
methyl-pentyne (183)123< 
/ 
or 
To a pre-dried flask was added molybdenum cyclopentadienyl tricarbonyl dimer (0.20 g, 
0.42mmol) and anhydrous THF (50 cm3). To this was added carefully, K-Selectride [!M 
THF soln.](1.04 cm3, 1.04 mmol), and the reaction mixture was left to stir at ambient 
temperature for 1.0 h, during which time the solution turned from a deep purple colour to · 
a yellow/orange colour. Dicoqalt hexacarbonyl-3-methoxy-4-methyl-pentyne (0.33 g, 
0.83 mmol) was added and the resulting solution was refluxed for 2.5 h. After cooling, 
the reaction mixture was adsorbed onto flash silica gel and filtered through a pad of 
celite. The resulting solution was concentrated under reduced pressure and further 
purified by flash silica column chromatography (light petroleurnldiethyl ether (15:1) 
elution) to yield the title complex as an inseparable mixture of diastereoisomers as dark 
red oils (0.18 g, 46%, 31%de). Assigned from combined spectra, HRMS (FAB) 
CI7HI706CoMo, Requires (M'): 473.9411, Found (M}: 473.9419 (+1.7 ppm), mlz 474 
(M\ 9%), 446 (M+-CO, 23%), 443 (M+-OMe, 18%), 418 (~-2CO, 100%), 415 (M+-
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CO-OMe, 72%), 390 (M+-3CO, 49%), 387 (M+-2C0-0Me, 37%), 362 (M+-4CO, 27%), 
359 (W-3C0-0Me, 31 %), 334 (M+-5CO, 20%), 331 (M+-4C0-0Me, 29%), 303 (M+-
5C0-0Me, 21%); Vmax (thin film)/cm" 1 2961, 2929, 2823 (sp3 C-H), 2047, 1978, 1936, 
1881 (Mo-C=O, Co-C=O); (i) Major diastereoisomer OH (250 MHz, CDCb) 5.86 (IH, s, 
HC=C), 5.49 (5H, s, Cp H), 3.85 (1H, d, J 4.6 Hz, CCH(OCH3)CH3), 3.45 (3H, s, OCH1), 
1.79-1.57 (IH, m, CCH(OCH3)CH(CH3)2), 1.02 (3H, d, J 6.7 Hz, 
CCH(OCH3)CH(CH3)2), 0.91 (3H, d, J 6.7 Hz, CCH(OCH3)CH(CH3)2); oc (100 MHz, 
CDCh) 225.4 (Mo-C=O), 224.9 (Mo-C=O), 204.0 (Co-C=O), 91.7 
(CCH(OCH3)CH(CH3)2), 90.7 (Cp C), 87.2 (HC=C), 80.4 (HC=C), 59.8 (OCH3), 35.5 
(CCH(OCH3)CH(CH3)2), 19.7 (CCH(OCH3)CH(CH3)2), 18.9 (CCH(OCH3)CH(CH3)2); 
(ii) Minor diastereoisomer OH (250 MHz, CDCI3) 6.02 (1H, s, HC=C), 5.42 (5H, s, Cp H), 
3.87 (1H, d, J 7.9 Hz, CCH(OCH3)CH3), 3.45 (3H, s, OCH1), 1.79-1.57 (IH, m, 
CCH(OCH3)CH(CH3)2{1.02 (3H, d, J 6.7 Hz, CCH(OCH3)CH(CH3)2), 0.92 (3H, d, J 
6.7 Hz, CCH(OCH3)CH(CH3)2); oc (100 MHz, CDCb) 226.6 (Mo-C=O), 226.4 (Mo-
C=O), 204.0 (Co-C=O), 90.6 (Cp C), 90.0 (CCH(OCHJ)CH(CH3)2), 85.6 (HC=C), 80.9 
(HC=C), 60.0 (OCH3), 35.5 (CCH(OCH3)CH(CH3)2), 20.5 (CCH(OCH3)CH(CH3)2), 
17.1 (CCH(OCH3)CH(CH3)2)-
(+/-)-Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-3-methoxy-3-
phenyl-propyne (184)123< 
Ph H J'h ;:o 
~ 
H H .--OMe OMe 
0~ ,,,,,
1 
/CO or 0~ ,,,,11 /CO 
Co 10/§JJ Co /0/§JJ oc/ \ oc/ \ 
CO oc CO oc 
To a pre-dried flask was added molybdenum cyclopentadienyl tricarbonyl dimer (0.17 g, 
0.35 mmol) and anhydrous THF (50 cm\ To this was added carefully, K-Selectride [1M 
THF soln.](0.87 cm3, 0.87 mmol), and the reaction mixture was left to stir at ambient 
temperature for 1.0 h, during which time the solution turned from a deep purple colour to 
a yellow/orange colour. Dicobalt hexacarbonyl-3-methoxy-3-phenyl-propyne (0.45 g, 
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1.22 mmol) was added and the resulting solution was refluxed for 2.5 h. After cooling, 
the reaction mixture was adsorbed onto flash silica gel and filtered through a pad of 
celite. The resulting solution was concentrated under reduced pressure and further 
purified by flash silica column chromatography (light petroleum/diethyl ether (5:1) 
elution) to yield the title complex as an inseparable mixture of diastereoisomers as dark 
red oils (0.17 g, 53%, 47%de). Assigned from combined spectra, HRMS (FAB) 
C2oH1s06CoMo-CO, Requires (M+-CO): 479.9306, Found (M+-CO): 479.9298 (-1.7 
ppm), mlz 508 (M\ 3%), 480 (M+-CO, 7%), 452 (M+-2CO, 4%), 424 (M+-3CO, 62%), 
396 (M+-4CO, 6%), 368 (M+-5CO, 14%); Vmax (thin film)/cm-1 2928, 2820 (sp3 C-H), 
2050, 1982, 1938, 1886 (Mo-C=O, Co-C=O); (i) Major diastereoisomer OH (250 MHz, 
CDCh) 7.35-7.21 (5H, m, aryl H), 5.76 (1H, s, HC=C), 5.31 (5H, s, Cp H), 5.08 (IH, s, 
CCH(OCH3)Ph), 3.34 (3H, s, OCH3); oc (100 MHz, CDCh) 225.9 (Mo-C=O), 224.8 
(Mo-C=O), 203.2 (Co-C=O), 143.1 (Ar C), 128.2 (ArCH), 127.6 (Ar CH), 126.3 (Ar 
CH), 90.2 (Cp C), 89.3 (HC=C), 87.1 (CCH(OCH3)Ph), 79.1 (HC=C), 57.1 (OCH3); (ii) 
Minor diastereoisomer OH (250 MHz, CDCh) 7.35- 7.21 (5H, m, aryl H), 5.68 (IH, s, 
HC=C), 5.39 (5H, s, Cp H), 5.28 (IH, s, CCH(OCH3)Ph), 3.36 (3H, s, OCH3); Be (100 
MHz, CDCh) 225.1 (Mo-C=O), 222.6 (Mo-C=O), 203.2 (Co-C=O), 142.5 (ArC), 128.2 
' (Ar CH), 127.5 (Ar CH), 126.1 (Ar CH), 89.9 (Cp C), 89.6 (HC=C), 87.2 
(CCH(OCH3)Ph), 80.1 (HC=C), 57.1 (OCH3). 
Tungsten cyclopentadienyl tricarbony1 dimer (185)125 
CO CO 
oc,,, I I ,,,eo ~~-~~ 
CO CO 
Dicyclopentadiene was heated at 175°C and the fraction distilling between 35-45°C was 
collected. The freshly prepared cyclopentadiene (1.35 cm3, 15.90 mmol) was added drop 
wise at 0°C to a pre-dried 3-necked flask containing a suspension of sodium hydride 
[60% mineral oil dispersion](0.32 g, 13.25 mmol) in anhydrous diglyme (50 cm\ 
causing the suspension to turn purple in colour. The resulting solution was left to stir at 
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ambient temperature for 1.0 h, the solution deepening in colour. To this solution was 
added tungsten hexacarbonyl (2.00 g, 5.68 mmol) and the resulting solution was refluxed 
for 2.0 h. After a few minutes the tungsten hexacarbonyl started to sublime up the 
condenser at which point n-hexane (10 cm3) was poured down the condenser to prevent 
the sublimation. After cooling to ambient temperature, methanol (5 cm3) was added 
slowly to destroy any unreacted sodium hydride, followed by distilled water (5 cm3) to 
destroy any unreacted sodium cyclopentadienide. To the reaction mixture was added a 
pre-filtered solution containing distilled water ( 60 cm\ concentrated acetic acid ( 4 cm3) 
and hydrated iron (Ill) sulfate, [Fe2(S04) 3.9H20] (5.00 g), causing the formation of a 
deep purple precipitate. The precipitate was filtered under suction and washed with 
distilled water (500 cm\ cold methanol (50 cm3) and finally n-hexane (50 cm3). The 
product was dried under suction to yield the title compound as a deep purple powder 
( 1.17 g, 31% ). OH (250 l'ylHz, CDCh) 5.38 ( 1 OH, s, Cp H) .. 
·Cobalt tricarbonyl tungsten dicarbonylcyclopentadienyl-1-hexvne (188) 
To a pre-dried flask was added tungsten cyclopentadienyl tricarbonyl dimer (0.10 g, 0.15 
mmol) and anhydrous THF (30 cm3). To this was added carefully, L-Selectride [!M THF 
soln.](0.38 cm3, 0.38 mmol), and the reaction mixture was left to stir at ambient 
temperature for 1.0 h, during which time the solution turned from a deep purple colour to 
a yellow/orange colour. Dicobalt hexacarbonyl-1-hexyne (0.11 g, 0.30 mmol) was added 
and the resulting solution was refluxed for 3 h. After cooling, the reaction mixture was 
adsorbed onto flash silica gel and filtered through a pad of celite. The resulting solution 
was concentrated under reduced pressure and further purified by flash silica column 
chromatography (light petroleum (100%) elution) to yield the title complex as an 
inseparable mixture of diastereoisomers as dark red oils (0.01 g, 6%). Assigned from 
combined spectra, OH (250 MHz, CDCh) 5.59 (!H, s, HC=C), 5.43 (5H, s, Cp H), 1.69-
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0.83 (9H, m, C=CCHzCHzCHzCH3 and C=CCHzCHzCHzCH3 and C=CCHzCHzCHzCH3 
and C=CCHzCHzCHzCHJ) 
(+/-)-Cobalt tricarbonyl tungsten dicarbonylcyclopentadienyl-1-phenyl-prop-2-yn-1-
ol (189) 
or 
To a pre-dried flask was added tungsten cyclopentadienyl tricarbonyl dimer (0.20 g, 0.30 
.mmol) and anhydrous THF (20 cm3). To this was added carefully, L-Selectride [!M THF 
/ 
soln.](0.75 cm3, 0.75 'mmol), and the reaction mixture was left to stir at ambient 
temperature for 1.0 h, during which time the solution turned from a deep purple colour to 
a yellow/orange colour. Dicobalt hexacarbonyl-1-phenyl-prop-2-yn-1-ol (0.25 g, 0.6 
mmol) was added and the resulting solution was refluxed for 3 h. After cooling, the 
reaction mixture was adsorbed onto flash silica gel and filtered through a pad of celite. 
' 
The resulting solution was concentrated under reduced pressure and further purified by 
flash silica column chromatography (light petroleurn/diethyl ether (2:1) elution) to yield 
the title complex as an inseparable mixture of diastereoisomers as dark red oils (0.08 g, 
23%). Ymax (thin film)/cm'1 3444 (OH), 2046, 1974 (W-C=O, Co-C=O); OH (250 MHz, 
CDCh) 7.40-7.21 (5H, m, aryl H), 6.02 (IH, s, HC=C), 5.73 (IH, s, CH(OH)Ph), 5.42 
(5H, s, Cp H) 
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Cobalt tricarbonyl tungsten dicarbonylcyclopentadienyl-1-phenylethyne (190) 
~ ~ 
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To a pre-dried flask was added tungsten cyclopentadienyl tricarbonyl dimer (0.20 g, 0.30 
mmol) and anhydrous THF (30 cm3). To this was added carefully, L-Selectride [!M THF 
soln.](0.75 cm3, 0.75 mmol), and the reaction mixture was left to stir at ambient 
temperature for 1.0 h, during which time the solution turned from a deep purple colour to 
a yellow/orange colour. Dicobalt hexacarbonyl-1-phenylethyne (0.23 g, 0.60 mmol) was 
added and the resultin~..solution was refluxed for 3 h. After cooling, the reaction mixture 
was adsorbed onto flash silica gel and filtered through a pad of celite. The resulting 
solution was concentrated under reduced pressure and further purified by flash silica 
column chromatography (light petroleum/diethyl ether (5: I) elution) to yield the title 
complex as a dark red oil (0.07 g, 20%). OH (250 MHz, CDCh) 7.32-7.19 (5H, m, aryl H), 
5.73 (lH, s, HC=C), 5.41 (5H, s, Cp H) 
Cobalt tricarbonyl tungsten dicarbonylcyclopentadienyl-but-2-ynal (192) 
0 
To a pre-dried flask was added tungsten cyclopentadienyl tricarbonyl dimer (0.47 g, 0.71 
mmol) and anhydrous THF (20 cm\ To this was added carefully, L-Selectride (!M THF 
soln.](1.77 cm3, 1.77 mmol), and the reaction mixture was left to stir at ambient 
temperature for 1.0 h, during which time the solution turned from a deep purple colour to 
a yellow/orange colour. Dicobalt hexacarbonyl-but-2-ynal (0.50 g, 1.41 mmol) was added 
and the resulting solution was refluxed for 3 h. After cooling, the reaction mixture was 
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adsorbed onto flash silica gel and filtered through a pad of celite. The resulting solution 
was concentrated under reduced pressure and further purified by flash silica column 
chromatography (light petroleurn!diethyl ether (3:1) elution) to yield the title complex as 
a dark red oil (0.26 g, 36%). Ymax (thin film)/cm'1 2054, 1983, 1938 (Mo-C=O, Co-C=O), 
1654 (C=O); oH (250 MHz, CDCh) 10.2 (1H, s, CHO), 5.51 (5H, s, Cp H), 3.00 (3H, s, 
H3CC=C) 
Dicobalt hexacarbonyl-2-butyn-1~al-diethyl acetal (193)107 
To a pre-dried flask was added dicobalt octacarbonyl (3.00 g, 8.77 mmol) and DCM (50 
cm3). To this was added 2-butyn-1-al-diethyl acetal (1.13 g, 7.97 rnmol) and the resulting 
solution was left to stir overnight at ambient temperature. The reaction mixture was 
filtered through a plug of celite;. concentrated under reduced pressure and purified further 
by flash silica column chromatography (light petroleum/diethyl ether (5:1) elution) to 
yield the title compound as a dark red oil (3.41 g, quant.). HRMS (FAB) Ct4Ht40sCoz, 
Requires: 427.9353, Found: 427.9358 (+1.1 ppm), mlz 428 (M+, 4%), 413 (M+-CH3, 4%), 
400 (M•-co, 37%), 383 (M•-ocHzCH3, 30%), 372 (M•-2co, 100%), 355 (M•-co-
CHzCHJ, 40%), 344 (M•-3CO, 79%), 327 (M•-2c0- OCHzCHJ, 17%), 316 (M•-4CO, 
54%), 299 (~-3CO- OCHzCHJ, 52%), 288 (M•,sco, 53%), 271 (M•-4CO- OCHzCHJ, 
8%); Ymax (thin film)/cm'1 2980, 2934, 2902, 2875 (sp3 C-H), 2092, 2051, 2019 (Co-
C=O); oH (250 MHz, CDCh) 5.47 (!H, s, CCH(OCH2CHJ)z), 3.83-3.59 (4H, m, 
OCH2CH3), 2.66 (3H, s, H3CC=CH), 1.24 (6H, t, J 6.9 Hz, OCHzCH3); lie (100 MHz, 
CDCh) 199.1 (Co-C=O), 102.0 (CCH(OCH2CH3)2), 93.9 (H3CC=CH), 91.7 (HJCC=CHy, 
63.0 (2C, OCH2CH3), 20.6 (H3CC=CH), 15.0 (2C, OCH2CH3). 
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Dicobalt hexacarbonyl-2-butynal (191)108•·149 
To a pre-dried flask was added dicobalt hexacarbonyl-2-butynal diethyl acetal ( 4.6 g, 
10.74 mmol) and DCM (40 cm\ To this was addedp-toluenesulfonic acid (a spatula 
measure, 0.150 g approx) and distilled water (2-3 drops). The reaction mixture was 
stirred overnight at ambient temperature. To the flask was added sodium hydrogen 
carbonate and dried over anhydrous magnesium sulfate. The mixture was filtered through 
a plug of celite and consrntrated under reduced pressure. The crude residue was purified 
' further by flash silica column chromatography (light petroleurnldiethyl ether (15:1) 
elution) to give the. title compound as a dark red oil (2.75 g, 72%). HRMS (FAB) 
CwH407Co2, Requires (M}: 353.8621, Found (M}: 353.8623 (+0.6 ppm), mlz 354 (M\ 
8%), 339 (M+-CH3, 6%), 326 (~-CO, 16%), 322 (M+-CH3-0H, 3%), 298 (M+-2CO, 
17%), 270 (M•-3CO, 25%), 242, (M+-4CO, 15%); Vmax (thin film)/cm'1 2100, 2058, 2024 
(Co-C=O), 1670 (C=O); 8H (400 MHz, CDCh) 10.31 (IH, s, CHO), 2.74 (3H, s, 
H3CC=C); 8c (100 MHz, CDCh) 198.2 (Co-C=O), 190.8 (C=O), 94.9 (HJCC=C), 87.5 
(HJCC=C), 20.7 (HJCC=C). 
Dicobalt pentacarbonyltriphenylphosphine-but-2-ynal (199)123d 
0 
To a pre-dried flask was added dicobalt hexacarbonyl-but-2-ynal (2.25 g, 6.34 mmol) and 
THF/diethyl ether solution (2: I, 50 cm\ The solution was warmed to 50°C. In a separate 
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pre-dried flask, triphenylphosphine (1.33 g, 5.07 mmol) was dissolved in THF/diethyl 
ether (2: I, 20 cm3). The resulting solution was taken up by syringe and added drop wise 
to the first flask over 0.5 h. The resulting reaction mixture was left to stir at 50°C until no 
triphenylphosphine was present by TLC, at which point the reaction mixture was cooled, 
filtered through a pad of celite and concentrated under reduced pressure. The crude 
product was purified further by flash silica column chromatography (light 
petroleum/diethyl ether (6:1) elution) to give the title compound as a dark red solid (1.78 
g, 60%). mp 134-136°C; Found: C 55.25%, H 3.2%, Requires: C 55.1%, H 3.3%; HRMS 
(FAB) Cz1H1906PCoz, Requires (M'): 587.9583, Found (M'): 587.9574 (-1.6 ppm), mlz 
588 (M+, 4%), 560 (~-CO, 1%), 532 (M+-2CO, 5%), 504 (M+-3CO, 17%), 476 (M+-
4CO, 48%), 448 (M+-5CO, 89%); Vmax (thin film)/cm·1 2066, 2011, 1969 (Co-C=O), 
1655 (C=O), 744, 694 (ArC-H); OH (400 MHz, CDCh) 9.72 (IH, s, CHO), 7.49-7.41 
(ISH, m, aryl H), 2.08 eJH, s, H1CC=C); oc (100 MHz, CDCh) 200.2 (Co-C=O), 191.4 
(C=O), 134.1 (IC, d, 1Jcp 42Hz, ArC), 133.0 (2C, d, 2J,p 11 Hz, ArCH), 130.6 (IC, d, 
4J,p 2 Hz, ArCH), 128.7 (2C, d, 3Jcp 10Hz, ArCH), 91.3 (HJCC=C), 82.2 (H3CC=C), 
19.8 (H3CC=C); Op (101 MHz, CDCh) 51.2 (Co-P); X-Ray Crystallographic data: See 
Appendices. 
Dicobalt hexacarbonyl-propynal (201)129•149 
0 
H 
To a pre-dried flask was added dicobalt hexacarbonyl-prop-2-yn-1-ol (0.30 g, 0.88 
mmol), dimethyl sulfoxide (0.14 cm3, 1.93 mmol) and anhydrous DCM (20 cm3). The 
solution was cooled to -78°C. Oxalyl chloride (0.80 cm3, 0.96 mmol) was added drop 
wise ensuring the temperature stayed below -78°C. After complete addition of the oxalyl 
chloride, the reaction was allowed to warm to -60°C. At this temperature, triethylamine 
(0.61 cm3, 4.39 mmol) was added and the reaction mixture was allowed to warm to 
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ambient temperature. The reaction mixture was transferred to a separating funnel and 
washed with distilled water (2x20 cm3), saturated copper sulfate solution (3x30 cm\ 
saturated sodium hydrogen carbonate solution (3x20 cm3) and more distilled water (2x20 
cm\ The resulting organic layer was dried over anhydrous magnesium sulfate, filtered 
through a pad of celite and concentrated under reduced pressure. The crude residue was 
purified further by flash silica column chromatography (light petroleurn!diethyl ether 
(5:1) elution) to yield the title compound as a dark red oil (0.12 g, 39%). Vmax (thin 
film)/cm· 1 2104, 2064, 2030 (Co-C;;O), 1669 (C=O); OH (400 MHz, CDCh) 10.27 (IH, s, 
CHO), 6.33 (IH, s, HC;;C); oc (100 MHz, CDCI]) 197.2 (Co-C;;O), 190.7 (C=O), 85.6 
(HC,.C), 73.5 (HC,.C). 
Dicobalt pentacarbonyltriphenylphosphine-propynal (202)123d 
/ 
To a pre-dried flask was added dicobalt hexacarbonyl-propynal (0.61 g, 1.80 mmol) and a 
THF/diethyl ether solution (2: I, 20 cm3). The solution was warmed to 50°C. In a separate 
pre-dried flask, triphenylphosphine (0.39 g, 1.44 mmol) was dissolved in THF/diethyl 
ether (2:1, 10 cm3). The resulting solution was taken up by syringe and added drop wise 
to the first flask over 0.5 h. The resulting reaction mixture was left to stir at 50°C until no 
triphenylphosphine was present by TLC, at which point the reaction mixture was cooled, 
filtered through a pad of celite and concentrated under reduced pressure. The crude 
. product was purified further by flash silica column chromatography (light 
petroleurn!diethyl ether (6:1) elution) to yield the title compound as a dark red solid (1.08 
g, 55%). mp 97-99°C; Found: C 54.2%, H 2.95%, Requires: C 54.4%, H 3.0%; HRMS 
(FAB) C26H1106PCo2, Requires (M}: 573.9427, Found (M}: 573.9427 (-0.1 ppm), mlz 
574 (M+, 19%), 546 (M+-CO, 4%), 518 (M+-2CO, 7%), 490 (M+-3CO, 94%), 46Z (M+-
4CO, 59%), 434 (M+-5CO, 100), 420 (M+-6CO, 100%); Vmax (thin film)/cm·1 2073, 2018, 
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1977 (Co-C=O), 1655 (C=O), 744, 734, 705 (ArC-H); oH (400 MHz, CDCb) 9.60 (IH, 
s, CHO), 7.49-7.21 (ISH, m, aryl H), 5.52 (IH, t, J 2.8 Hz, HC=C); oc (100 MHz, 
CDCb) 204.0 (Co-C=O), 199.8 (Co-C=O), 191.4 (C=O), 134.0 (1C, d, 1Jcp 43Hz, ArC), 
132.9 (2C, d, 2J,p 11Hz, ArCH), 130.6 (1C, d, 4J,p 2Hz, ArCH), 128.7 (2C, d, 3J,p 10 
Hz, ArCH), 81.3 (HC=C), 73.7 (HC=C); Op (101 MHz, CDCb) 51.1 (Co-P). 
(S)-Dicobalt pentacarbonyltriphenylphosphine-pent-3-yn-2-ol(203)123d 
/ 
To a pre-dried flask was added dicobalt pentacarbonyltriphenylphosphine-but-2-ynal 
(0.70 g, 1.19 mmol) and anhydrous THF (30 cm\ The reaction flask was cooled to -
78°C before methyl magnesium bromide [3M EtzO soln.](1.98 cm3, 5.95 mmol) was 
added drop wise. The reaction mixture was left to stir at -78°C for a further 1.0 h. After 
this time, the reaction was quenched with ethanol (5 cm3) and allowed to warm to 
ambient temperature. The reaction mixture was dried over magnesium sulfate, filtered 
through a pad of celite and silica and concentrated under reduced pressure. The resulting 
crude residue was purified further by flash silica column chromatography (light 
petroleum/diethyl ether (2: I) elution) to yield the title compound as separable 
diastereoisomers as dark red oils (0.68 g, 94%, 85% d.e.). (i) First eluting major 
diastereoisomer HRMS (FAB) C28Hz306PCo2-2CO, Requires (M+-2CO): 547.9998, 
Found (M+-2CO): 548.0004, mlz 604 (M+, 2%), 587 (M+-OH, 3%), 576 (~-CO, 2%), 
559 (M+-CO-OH, 2%), 548 (M+-2CO, 26%), 520 ~-3CO, 13%), 503 (~-3CO-OH, 
4%), 492 (M+-4CO, 57%), 464 (~-5CO, 100%), 447 (M+-5CO-OH, 7%); Vmax (thin 
film)/cm"1 3456 (OH), 2056, 1999, 1955 (Co-C=O), 743 (ArC-H); OH (250 MHz, CDCb) 
· 7.55-7.44 (ISH, m, aryl H), 4.09-4.04 (IH, m, CCH(OH)CH3), 1.97 (3H, s, H1CC=C), 
1.50 (IH, d, J 6.5 Hz, OH), 1.16 (3H, d, J 5.8 Hz, CCH(OH)CH3); oc 205.5 (Co-C=O), 
201.9 (Co-C=O), 134.5 (IC, d, 1Jcp 40 Hz, Ar C), 132.9 (2C, d, 2Jcp 11 Hz, Ar CH), 
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130.4 (Ar CH), 128.6 (2C, d, 3Jcp 10 Hz, Ar CH), 97.8 (H3CC=CCH), 88.0 
(HJCC=CCH), 66.8 (CCH(OH)CH3), 24.7 (CCH(OH)CHJ), 19.0 (HJCC=C); op (100.1 
MHz, CDCh) 54.0 (Co-P); (ii) Second eluting minor diastereoisomer Ymax (thin film)/cm-
1 3422 (OH), 2924, 2850 (sp3 C-H), 2055, 1999, 1953 (Co-C=O); oH (400 MHz, CDCh) 
7.55-7.50 (6H, m, aryl H), 7.45-7.40 (9H, m, aryl H), 4.22-4.16 (1H, m, CCH(OH)CHJ), 
2.09 (3H, s, H3CC:C), 1.30 (3H, d, J 6.5 Hz, CCH(OH)CH3), 1.27 (IH, d, J 2.7 Hz, OH); 
Se (100 MHz, CDCh) 201.9 (Co-C=O), 134.8 (1C, d, 1Jcp 40Hz, ArC), 132.9 (2C, d, 
2 4 . 3 lcp 11 Hz, Ar CH), 130.4 (1 C, d, Jcp 2 Hz, Ar CH), 128.6 (2C, d, Jcp 10 Hz, Ar CH), 
97.2 (HJCC=CCH), 89.2 (HJCC=CCH), 68.5 (CCH(OH)CHJ), 25.2 (CCH(OH)CHJ), 
19.7 (HJCC=C); op (101 MHz, CDCh) 53.0 (Co-P). 
(S)-Dicobalt pentacarbonyltriphenylphosphine-hex-4-yn-3-ol (204)123d 
/ 
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To a pre-dried flask was added dicobalt pentacarbonyltriphenylphosphine-but-2-ynal 
(0.20 g, 0.34 mmol) and anhydrous THF (20 cm\ The reaction flask was cooled to -
78°C before ethyl magnesium bromide [3M Et20 soln.](0.57 cm3, 1.70 mmol) was added 
drop wise. The reaction mixture was left to stir at -78°C for a further 1.0 h. After this 
time, the reaction was quenched with ethanol (5 cm3) and allowed to warm to ambient 
temperature. The reaction mixture was dried over magnesium sulfate, filtered through a 
pad of celite and silica and concentrated under reduced pressure. The resulting crude 
residue was purified further by flash silica column chromatography (light 
petroleurn/diethyl ether (2: 1) elution) to yield the title compound as separable 
diastereoisomers as dark red oils (0.20 g, 96%, 87% d.e.). (i) First eluting major 
diastereoisomer HRMS (FAB) Cz9Hz50 6PCoz-2CO, Requires (M+-2CO): 562.0154, 
Found (~-2CO): 562.0160 (+1.0 ppm), m!z 562 (M+-2CO, 20%), 534 (M+-3CO, 10%), 
506 (M+-4CO, 57%), 478 (M+-5CO, 100%), 461 (M+-5CO-OH, 5%); Ymax (thin film)/cm-
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1 3417 (OH), 2055, 1995, 1954, (Co-C=O), 743, 695 (ArC-H); oH (250 MHz, CDCh) 
7.58-7.39 (ISH, m, aryl H), 3.60-3.52 (!H, m, CCH(OH)CH2CH3), 2.06 (3H, s, 
H3CC=C), 1.48-1.31 (2H, m, CCH(OH)CH1CH3), 1.36 (IH, d, J 4.5 Hz, OH), 0.78 (3H, 
t, J 7.2 Hz, CCH(OH)CHzCH3); oc {lOO MHz, CDCh) 205.4 (Co-C=O), 201.9 (Co-
t 2 . C=O), 134.5 {IC, d, Jcp 40Hz, ArC), 133.0 (2C, d, Jcp !I Hz, ArCH), 130.3 (ArCH), 
128.6 (2C, d, 3JcP 10 Hz, Ar CH), 97.3 (H3CC=CCH), 87.2 (H3CC=CCH), 72.4 
(CCH(OH)CHzCH3), 32.5 (CCH(OH)CHzCH3), 20.0 (H3CC=C), 11.0 
(CCH(OH)CH2CH3); Op (101 MHz, CDCh) 54.0 (Co-P); (ii) Second eluting minor 
diastereoisomer Ymax (thin film)/cm'1 3357 (OH), 2957, 2924, 2854 (sp3 C-H), 2055, 
1999, 1953 (Co-C=O); OH (250 MHz, CDCh) 7.58-7.50 (6H, m, aryl H), 7.44-7.40 (8H, 
m, aryl H), 7.34-7.33 (IH, m, aryl H), 3.90-3.82 {IH, m, CCH(OH)CHzCH3), 2.07 (3H, s, 
H3CC=C), 1.85-1.72 (2H,m, CH1CH3), 1:20 (!H, d, J6.0 Hz, OH), 0.87 (3H, t, J7.4 Hz, 
. ./ 1 
CHzCH3); oc (100 MHz, CDCh) 205.6 (Co-C=O), 201.03 (Co-C=O), 134.8 (IC, d, JcP 
40 Hz, Ar C), 132.9 (2C, d, 2Jcp !I Hz, Ar CH), 130.3 (Ar CH), 128.6 (2C, 3 Jcp I 0 Hz, 
Ar CH), 97.3 (H3CC=CCH), 87.8 (H3CC=CCH), 73.9 (CCH(OH)CHzCH3), 32.7 
(CCH(OH)CHzCHJ), 19.8 (HJCC=C), 10.8 (CCH(OH)CH2CH3); Op (101 MHz, CDCh) 
53.1 (Co-P). 
(S)-Dicobalt pentacarbonyltriphenylphosphine-2-methyl-hept-5-yn-4-ol (205)123d 
To a pre-dried flask was added dicobalt pentacarbonyltriphenylphosphine-but-2-ynal 
(0.15 g, 0.25 mmol) and anhydrous THF (20 cm3). The reaction flask was cooled to • 
78°C before iso-butyl magnesium bromide [2M Et20 soln.](0.50 cm3, 0.99 mmol) was 
added drop wise. The reaction mixture was left to stir at -78°C for a further 1.0 h. After 
this time, the reaction was quenched with ethanol (5 cm3) and allowed to warm to 
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ambient temperature. The reaction mixture was dried over magnesium sulfate, filtered 
through a pad of celite and silica and concentrated under reduced pressure. The resulting 
crude residue was purified further by flash silica column chromatography (light 
petroleum/diethyl ether ( 4: I) elution) to yield the title compound as a single 
diastereoisomer as a dark red oil (0.12 g, 74%, >95% d.e.). HRMS (FAB) CJ1H2906PCo2, 
Requires (M): 646.0366, Found (M): 646.0376 (+1.6 ppm), mlz 646 (M+, 3%), 629 
(M+-0H, 6%), 618 (M+-CO, 3%), 601 (M+-CO-OH, 4%), 590 (M+-2CO, 74%), 573 (M+-
2CO-OH, 9%), 562 (M+-3CO, 29%), 545 (M+-3CO-OH, 6%), 534 (M+-4CO, 100%), 517 
(M+-4CO-OH, 7%), 506 (M+-5CO, 100%), 489 (M+-5CO-OH, 12%); Ymax {thin film)/cm· 
1 3451 (OH), 2956,2930, 2868 (sp3 C-H), 2056, 1999, 1955, (Co-C=O), 743,695 (ArC-
H); OH (400 MHz, CDCh) 7.48-7.43 (6H, m, aryl H), 7.36-7.31 (9H, m, aryl H), 3.90-
3.85 {IH, m, CCH(OH)CH2CH(CH3)2), 1.96 (3H, s, H3CC=C), 1.62-1.55 (IH, m, 
CH2CH(CH3)2), 1.40-1.33 (IH, m, CH2CH(CH3)2), 1.27 {IH, d, J 4.3 Hz, OH), 1.08-1.01 
{IH, m, CH2CH(CH3)2), 0.70 (3H, d, J 4.3 Hz, CH2CH(CH3)2), 0.62 (3H, d, J 4.3 Hz, 
CH2CH(CH3)2); 1ic (100 MHz, CDCI)) 202.0 (Co-C=O), 134.6 (IC, d, 1Jcr 41 Hz, ArC), 
133.0 (2C, d, 2Jcr 12Hz, ArCH), 130.4 (IC, d, 4Jcr 3Hz, ArCH), 128.6 (2C, d, 3Jcr 9 
Hz, Ar CH), 97.6 (HJCC=CCH), 87.4 (H3CC=CCH), 68.7 (CCH(OH)CH2CH(CH3)2), 
48.8 (CH2CH(CH3)2), 24.7 (CH2CH(CH3)2), 23.2 (CH2CH(CH3)2), 21.9 (CH2CH(CH3)2), 
19.7 (H3CC=C); Op (101 MHz, CDCIJ) 54.0 (Co-P). 
(S)-Dicobalt pentacarbonyltriphenylphosphine-1-phenyl-but-2-yn-1-ol (206)123d 
To a pre-dried flask was added dicobalt pentacarbonyltriphenylphosphine-but-2-ynal 
(0.50 g, 0.85 mmol) and anhydrous THF (30 cm3). The reaction flask was cooled to -
78°C before phenyl magnesium bromide [2M THF soln.](1.70 cm3, 3.40 mmol) was 
added drop wise. The reaction mixture was left to stir at -78°C for a further 1.0 h. After 
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this time, the reaction was quenched with ethanol (5 cm3) and allowed to warm to 
ambient temperature. The reaction mixture was dried over magnesium sulfate, filtered 
through a pad of celite and silica and concentrated under reduced pressure. The resulting 
crude residue was purified further by flash silica column chromatography (light 
petroleurn!diethyl ether (3:1) elution) to yield the title compound as a single 
diastereoisomer as a dark red solid (0.54 g, 95%, >95% d.e.). Found: C 59.5%, H 3.8%, 
requires: C 59.5%, H 3.85%; HRMS (FAB) C33Hzs06PCoz-2CO, Requires (11"-2CO): 
610.0154, Found (M+-2CO): 610.0154 (0 ppm), mlz 610 (M"-2CO, 17%), 582 (M+-3CO, 
7%), 554 (M+-4CO, 22%), 526 (M+-5CO, 100%) 509 (M+-CO-OH, 5%); Vmax (thin 
film)/cm· 1 3433 (OH), 2057, 2000, 1954, (Co-C=O), 743, 696 (Ar C-H); OH (250 MHz, 
CDCh) 7.74-6.82 (20H, m, aryl H), 4.98 (lH, d, J 5.3 Hz, CCH(OH)Ph), 2.15 (lH, d, J 
5.1 Hz, OH), 1.87 (3H, s, H3CC;aC); oc (62.5 MHz, CDCh) 205.5 (Co-0=0), 201.2 (Co-
C=O), 144.1 (ArC), 134.6 (1C, d; 1Jcp 41 Hz, ArC), 133.1 (2C, d, 2Jcp 11 Hz, ArCH), 
130.5 (1C, d, 4Jcp 3Hz, ArCH), 128.7 (2C, d, 3Jcp 10Hz, ArCH), 127.9 (ArCH), 127.1 
(Ar CH), 125.1 (Ar CH), 97.4 (H3CC=CCH), 88.4 (H3CC=CCH), 72.0 (CCH(OH)Ph), 
20.0 (H3CC=C); op (101 MHz, CDCh) 53.3 (Co-P). X-Ray Crystallographic Data: see 
Appendices. 
(S)-Dicobalt pentacarbony1tripheny1phosphine-but-3-yn-2-o1 (207)123d,IJO 
To a pre-dried flask was added dicobalt pentacarbony1tripheny1phosphine-propyna1 (0.09 
g, 0.15 mmol) and anhydrous THF (15 cm\ The reaction flask was cooled to -78°C 
before methyl magnesium bromide [3.0M Et20 soln.](0.20 cm3, 0.61 mmol) was added 
drop wise. The reaction mixture was left to stir at -78°C for a further 1.0 h. After this 
time, the reaction was quenched with ethanol (5 cm3) and allowed to warm to ambient 
temperature. The reaction mixture was dried over magnesium sulfate, filtered through a 
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pad of celite and silica and concentrated under reduced pressure. The resulting crude 
residue was purified further by flash silica column chromatography (light 
petroleum/diethyl ether (2: I) elution) to yield the title compound as separable 
diastereoisomers as dark red solids (0.08 g, 89%, 88% d.e.). (i) First eluting major 
diastereoisomer, mp 120-122°C [Lit. 45-46°C]; Found: C S4.9%, H 3.6%, Requires: C 
S4.9%, H, 3.6%; HRMS (FAB) C21H2106PCo2-2CO, Requires (M+-2CO): S33.9842, 
Found (M+-2CO): S33.9833 (-1.7 ppm), mlz S34 (M+-2CO, 22%), S06 (M+-3CO, 38%), 
478 (M+-4CO, 48%), 4SO (M+-5CO, 100%), 433 (M+-SCO-OH, 16); Vmax (thin film)/cm·1 
34SI (OH), 3059, 2974, 2926, 28S7 (sp3 C-H), 2061, 2003, 1961 (Co-C=O), 744 (ArC-
H); OH (2SO MHz, CDCh) 7.S2-7.44 (ISH, m, aryl H), S.11 (1H, d, J 3.S Hz, HC=C), 
3.90-3.83 (1H, m, CCH(OH)CH3), 1.4S (1H, d, J S.3 Hz, OH), 1.09 (3H, d, J 6.2 Hz, 
CCH(OH)CH3); oc 206.1 (Co-C=O), 20S.2 (Co-C=O), 202.0S (Co-C=O), 134.8 (1C, d, 
1Jcp 41 Hz, ArC), 133:1 (2C, d, 2Jcp 11 Hz, ArCH), 130.8 (1C, d, 4Jcp 2Hz, Ar CH), 
129.0 (2C, d, 3Jcp 10 Hz, Ar CH), 98.1 (H3CC=CCH), 71.6 (HC=C), 67.5 
(CCH(OH)CH1), 26.7 (CCH(OH)CH3); op .(101 MHz, CDCh) S4.1 (Co-P). (ii) Second 
eluting minor diastereoisomer, mp 127-129°C [Lit. 87-88°C]; Vmax (thin film)/cm·1 344S 
(OH), 3060, 2976, 2926 (sp3 C-H), 2060, 2003, 19S8 (Co-C=O), 743, 694 (ArC-H); OH 
'· (2SO MHz CDCh) 7.Sl-7.42 (ISH, m, aryl H), S.24 (IH, dd, J 4.4 Hz and J' 0.8 Hz, 
HC=C), 4.02-3.93 (IH, m, CCH(OH)CH3), 1.30 (3H, d, J 6.4 Hz, CCH(OH)CH3), 1.22 
(lH, d, J 4.4 Hz, OH); oc (62.5 MHz, CDCh) 20S.7 (Co-C=O), 204.8 (Co-C=O), 201.S 
(Co-C=O), 134.S (IC, d, 1Jcp 41 Hz, ArC), 132.8 (2C, d, 2Jcp 11 Hz, ArCH), 130.4 (1C, 
d, 4Jcp 2Hz, ArCH), 128.S (2C, d, 3Jcp 10Hz, ArCH), 97.2 (HC=C), 71.7 (HC=C), 67.6 
(CCH(OH)CH3), 24.8 (CCH(OH)CH1); op (101 MHz, CDCh) S3.3 (Co-P). 
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(S)-Dicobal t pen tacar bonyltri ph enylp hosphine-1-p henyl-prop-2-yn-1-ol 
(208)123d,l30,141 
H 
176 
To a pre~dried flask was added dicobalt pentacarbonyltriphenylphosphine-propynal (0.09 
g, 0.16 mmol) and anhydrous THF (15 cm3). The reaction flask was cooled to -78°C 
before phenyl magnesium bromide [2.0M THF soln.](0.32 cm3, 0.64 mmol) was added 
drop wise. The reaction mixture was then left to stir at -78°C for a further 1.0 h. After this 
time, the reaction was guenched with ethanol (5 cm3) and then allowed to warm to 
/ 
ambient temperature. The reaction mixture was then dried over magnesium sulfate, 
filtered through a pad of celite and silica and concentrated under reduced pressure. The 
resulting crude residue was then purified further by flash silica column chromatography 
(light petroleurn!diethyl ether (2: 1) elution) to yield the title compound as a single 
diastereoisomer as a dark red s,olid (0.10 g, 95%, >95% d.e.). mp 149-15JDC [Lit. 144-
1460C]; HRMS (FAB) CnHzJ06PCo2-CO, Requires (~-CO): 623.9947, Found (M+-
CO): 623.9963, mlz 624 (M+-CO, 1 %), 596 (M+-2CO, 8%), 568 (~-3CO, 12%), 540 
(M+-4CO, 20%), 512 (~-5CO, 88%); Ymax (thin film)/cm-1 3425 (OH), 2063,2010, 1963 
(Co-C=O), 744, 696 (ArC-H); oH (400 MHz, CDCh) 7.57-7.48 (15H, m, aryl H), 7.17-
7.12 (3H, m, aryl H), 6.92-6.91 (2H, m, aryl H), 5.14 (lH, d, J3.0 Hz, HC=C), 4.85 (1H, 
d, J 5.6 Hz, CCH(OH)Ph), 2.07 (1H, d, J 5.6 Hz, OH); lie (62.5 MHz, CDCh) 205.5 (Co-
C=O), 204.6 (Co-C=O), 200.7 (Co-C=O), 145.0 (ArC) 134.3 (1C, d, 1Jcp 41 Hz, ArC), 
133.0 (2C, d, 2Jcp 11 Hz, ArCH), 130.4 (1C, d, 4Jcp 2Hz, ArCH), 128.6 (2C, d, 3Jcp 10 
Hz, ArCH), 127.8 (ArCH), 126.9 (ArCH), 124.6 (ArCH), 98.2 (HC=C), 72.5 (HC=C), 
. 72.25 (CCH(OH)Ph); Op (101 MHz, CDCh) 53.3 (Co-P) .. 
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Dicobalt hexacarbonyl-3-phenylprop-2-ynal-diethyl acetal (209)107 
To a pre-dried flask was added dicobalt octacarbonyl (1.00 g, 2.92 mmo1) and DCM (30 
cm\ To this was added phenylpropargyl aldehyde diethyl acetal(0.55 cm3, 2.66 mmol) 
and the resulting solution was left to stir overnight at ambient temperature. The reaction 
mixture was filtered through a plug of celite, concentrated under reduced pressure and 
purified further by flash silica column chromatography (light petroleum/diethyl ether 
(10:1) elution) to yield{he title compound as a dark red solid (1.29 g, quant.). mp 38-
400C; HRMS (FAB) C19Ht608Co2-CO, Requires (M+-CO): 461.9560, Found (M+-CO): 
461.9552 (-1.8 ppm), m/z 462 (M+-CO, 37%), 434 (M+-2CO, 68%), 406 (M+-3CO, 30%), 
378 (~-4CO, 43%), 350 (M+-5CO, 100%), 322 (~-6CO, 36%); Ymax (thin film)/cm· 1 
2980, 2932, 2898, 2875 (sp3 C-H), 2093, 2053, 2023 (Co-C=O); I>H (400 MHz, CDCh) 
7.64-7.62 (2H, m, aryl H), 7.3~-7.30 (3H, m, aryl H), 5.75 (lH, s, CCH(OCHzCHJ)z), 
3.89-3.70 (4H, m, OCH2CH3), 1.28 (6H, t, J 7.0 Hz, OCH2CH3); oc (lOO MHz, CDCh) 
199.3 (Co-C=O), 137.8 (Ar C), 129.9 (Ar CH), 128.7 (Ar CH), 127.7 (Ar CH), 102.2 
(CCH(OCHzCH3)2), 93.3 (PhC=C), 89.9 (PhC=C), 63.4 (OCHzCH3), 15.0 (OCHzCHJ). 
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Dicobalt hexacarbonyl-3-phenylprop-2-ynal (210)1088•149 
To a pre-dried flask was added dicobalt hexacarbonyl-3-phenylprop-2-ynal diethyl acetal 
(1.00 g, 2.20 mmol) and DCM (30 cm3). To this was added p-toluenesulfonic acid (a 
spatula measure, 0.150g approx) and distilled water (2-3 drops). The reaction mixture 
was stirred overnight at ambient temperature. To the flask was added sodium hydrogen 
carbonate and dried over anhydrous magnesium sulfate. The mixture was filtered through 
a plug of celite and con6entrated under reduced pressure. The crude residue was purified 
further by flash silica column chromatography (light petroleum/diethyl ether (10:1) 
elution) to give the title compound as a dark red oil (0.61 g, 72%). HRMS (FAB) 
C1sH607C02, Requires (M"): 415.8777, Found (M"): 415.8776 (-0.3 ppm), mlz 4!6 (M\ 
35%), 388 (M+-CO, 100%), 360 (M+-2CO, 74%), 332 (M+·3CO, 62%), 304 (~-4CO, 
74%), 276 (M+·5CO, 36%), 24S (M+-6CO, 30%); vma, (thin film)/cm·1 2109, 2063, 2032 
(Co-C=O), !667 (C=O); OH (250 MHz, CDCh) 10.53 (IH, s, CHO), 7.62-7.58 (2H, m, 
aryl H), 7.38-7.36 (3H, m, aryl H); Be (100 MHz, CDCh) 197.7 (Co-C=O), !90.9 (C=O), 
136.3 (Ar C), 129.7 (Ar CH), 129.1 (Ar CH), !28.9 (Ar CH), 92.1 (PhC=C), 85.6 
(PhC=C). 
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Dicobalt pentacarbonyltriphenylphosphine-3-phenylprop-2-ynal (211) 
To a pre-dried flask was added dicobalt hexacarbonyl propynal (0.83 g, 1.98 mmol) and a 
THF/diethyl ether solution (2:1, 20 cm\ The solution was warmed to 50°C. In a separate 
pre-dried flask, triphenylphosphine (0.42 g, 1.59 mmol) was dissolved in THF/diethyl 
ether (2:1, 10 cm3). The resulting solution was taken up by syringe and added drop wise 
to the first flask over 0.5 h. The resulting reaction mixture was left to stir at 50°C until no 
/ 
triphenylphosphine was present by TLC, at which point the reaction mixture was cooled, 
filtered through a pad of celite and concentrated under reduced pressure. The crude 
product was purified further by flash silica column chromatography (light 
petroleurn/diethyl ether (6:1) elution) to give the title compound as a dark red liquid (0.84 
g, 81%). HRMS (FAB) C32H2106PCo2, Requires (M"): 649.9740, Found (M"}: 649.9754 
' (+2.2 ppm), mlz 650 (M+, 2%); 622 (~-CO, 4%), 594 (M+-2CO, 4%), 566 (M+-3CO, 
55%), 538 (~-4CO, 48%), 510 (M+-5CO, 100%); vm .. (thin film)/cm-1 2069, 2020, 
1975 (Co-C=O), 1651 (C=O), 742, 693 (Ar C-H); liH (250 MHz, CDCI3) 9.99 (IH, s, 
CHO), 7.39-7.09 (20H, m, aryl H); lie (100 MHz, CDCh) 203.9 (Co-C=O), 199.6 (Co-
C=O) 191.0 (C=O), 138.0 (ArC), 133.3 (IC, d, 1Jcp 43 Hz, Ar C), 133.0 (2C, d, 2Jcp !I 
Hz, ArCH), 130.4 (IC, d, 4JcP 3Hz, ArCH), 130.2 (ArCH) 128.5 (ArCH), 128.4 (2C, 
d, 3Jcp 10 Hz, AI CH), 127.4 (Ar CH), 88.2 (PhC=C), 79.7 (PhC=C); lip (101 MHz, 
CDCh) 48.3 (Co-P). 
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Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-2-butynal (l64)123c,d 
To a pre-dried flask was added molybdenum cyclopentadienyl dimer (1.43 g, 2.92 mmol) 
and anhydrous THF (50 cm3). To this was added carefully, K-Selectride [1M THF 
soln.](7.30 cm3, 7.30 mmol), and the reaction mixture was left to stir at ambient 
temperature for 1.0 h, during which time the solution turned from a deep purple colour to 
a yellow/orange colour. Dicobalt hexacarbonyl-2-butyn-1-al-diethyl acetal (2.50 g, 5.84 
mmol) was added and,tlle resulting solution was refluxed for 2.5 h. After cooling, the 
reaction mixture was adsorbed onto flash silica gel and filtered through a pad of celite. 
The resulting solution was concentrated under reduced pressure and then further purified 
by flash silica column chromatography (light petroleum/diethyl ether (1 0:1) elution) to 
yield the title compound as a dark red oil (1.50 g, 60%). HRMS (FAB) Ct4H906CoMo, 
Requires CM"1: 429.8785, Found (M"1: 429.8779 (-1.4 ppm), mlz 430 (M+, 37%), 429 
(M+-H, 33%), 402 (M+-CO, 73%), 401 (M+-CO-H, 53%), 374 (M+-2CO, 100%), 373 
(~-2CO-H, 64%), 346 (M+-3CO, 51%), 345 (M+-3CO-H, 41%), 318 (M+-4CO, 42%), 
317 (M+-4CO-H, 38%), 290 (M+-5CO, 49%), 289 (M+-5CO-H, 38%); Ymax (thin 
film)/cm·1 2057, 1991, !946 (Mo-C=O, Co-C=O), 1653, 1648 (C=O); 8u (250 MHz, 
CDCh) 10.10 (!H, s, CHO), 5.42 (5H, s, Cp H), 2.78 (3H, s, H3CC=C); <>c (100 MHz, 
CDCb) 223.8 (Mo-C=O), 222.2 (Mo-C=O), 202.8 (Co-C=O), 193.5 (C=O), 99.4 
(HJCC=C), 90.5 (Cp C), 82.3 (H3CC=C), 21.0 (H3CC=C). X-Ray Crystallographic Data: 
see Appendices. 
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(+/-)-Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-pent-3-yn-2-ol 
(195)123d 
Me 
H3C OH H3C OH 
oc"-
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To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-2-butynal (0.49 g, 1.15 mmol) and anhydrous THF (30 cm3). 
The reaction flask was cooled to -78°C before methyl magnesium bromide [3M EtzO 
soln.](1.92 cm3, 5.77 mmol) was added drop wise. The reaction mixture was left to stir at 
-78°C for a further 1.0 )l(After this time, the reaction was quenched with ethanol (5 cm3) 
and allowed to warm to ambient temperature. The reaction mixture was then dried over 
magnesium sulfate, filtered through a pad of celite and silica and concentrated under 
reduced pressure. The resulting crude residue was purified further by flash silica column 
chromatography (light petroleurn!diethyl ether ( 4: I) elution) to yield the title compound 
as an inseparable mixture of di'astereoisomers as a dark red oil (0.36 g, 69%, 57% de). 
Assigned from combined spectra, HRMS (FAB) C15H130 6CoMo, Requires (M}: 
445.9098, Found (M}: 445.9105 (+1.5 ppm), mlz 446 (M+, 8%), 429 (M+-OH, 6%), 418 
(M+-co, 25%), 401 (~-CO-OH, 15%), 390 (M+-2CO, 100%), 373 (~-2CO-OH, 15%), 
362 (M+-3CO, 28%), 345 (~-3CO-OH, 10%), 334 (~-4CO, 60%), 317 (M+-4CO-OH, 
12%), 306 (M+-sco, 34%), 289 (M+-5CO-OH, 15%); vm .. (thin film)/cm·1 3447 (OH), 
2973, 2928 (sp3 C-H), 2044, 1972, 1930 (Mo-C=O, Co-C=O); (i) Major diastereoisomer 
OH (250 MHz, CDCh) 5.44 (5H, s, Cp H), 4.80-4.70 (IH, m, CCH(OH)CH3), 2.70 (3H, s, 
H1CC=C), 1.49 (IH, d, J 6.0 Hz, OH), 1.42 (3H, d, J 6.5 Hz, CCH(OH)CH3); oc (lOO 
MHz, CDCh) 226.3 (Mo-C=O), 224.3 (Mo-C=O), 204.4 (Co-C=O), 97.6 (H3CC=CCH), 
94.5 (HlCC=CCH), 90.1 (Cp C), 71.8 (CCH(OH)CH3), 25.5 (CCH(OH)CH3), 20.2 
(H3CC=C); (ii) Minor diastereoisomer OH (250 MHz, CDCh) 5.49 (5H, s, Cp H), 5.08-
5.00 (IH, m, CCH(OH)CH3), 2.71 (3H, s, H3CC=C), 1.63 (IH, d, J 3.5 Hz, OH), 1.29 
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(3H, d, J 6.3 Hz, CCH(OH)CH3); .Se (lOO MHz, CDCh) 225.4 (Mo-C=O), 224.7 (Mo-
C=O), 204.4 (Co-0=0), 98.4 (H3CO=CCH), 95.0 (HJCC=CCH), 90.0 (Cp C), 71.5 
(CCH(OH)CHJ), 24.2 (CCH(OH)CHJ), 20.0 (HJCC=C). 
(+/-)-Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-hex-4-yn-3-ol 
(222)123d 
To a pre-dried )lask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-2-butynal (1.62 g, 3.78 mmol) and anhydrous THF (50 cm3). 
The reaction flask was cooled to -78°C before ethyl magnesium bromide [3M EtzO 
soln.](6.30 cm3, 18.89 mmol) was added drop wise. The reaction mixture was left to stir 
at -78°C for a further 1.0 h. After this time, the reaction was quenched with ethanol (10 
cm3) and allowed to warm to ambient temperature. The reaction mixture was then dried 
over magnesium sulfate, filtered through a pad of celite and silica and concentrated under 
reduced pressure. The resulting crude residue was purified further by flash silica column 
chromatography (light petroleum/diethyl ether (4:1) elution) to yield the title compound 
as an inseparable mixture of diastereoisomers as a dark red oil (1.27 g, 73%, 83% de). 
Assigned from combined spectra, HRMS (FAB) c,6H1506CoMo, Requires (M'): 
459.9255, Found (M'): 459.9263 (+1.8 ppm), mlz 460 (M\ 11%), 432 (M+-co, 26%), 
415 (M+-CO-OH, 14%), 404 (M+-2CO, 100%), 387 (~-2CO-OH, 8%), 376 (~-3CO, 
40%), 359 (~-3CO-OH, 10%), 348 (M+-4CO, 37%), 331 (M+-4CO-OH, 9%), 320 (M+-
5CO, 23%), 303 (M+-5CO-OH, 8%); Vmax (thin film)/cm·1 3456 (OH), 2964, 2935, 2875, 
2840 (sp3 C-H), 2043, 1967, 1928 (Mo-C=O, Co-C=O); (i) Major diastereoisomer OH 
(250 MHz, CDCh) 5.44 (5H, s, Cp H), 4.45-4.38 (lH, m, CCH(OH)CH3), 2.71 (3H, s, 
H3CC=C), 1.85-1.63 (2H, m, CCH(OH)CH2CH3), 1.44 (IH, d, J 6.5 Hz, OH), 1.09 (3H, 
t, J 7.4 Hz, CCH(OH)CHzCH3); oc (lOO MHz, CDCh) 226.4 (Mo-C=O), 224.4 (Mo-
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C=O), 203.7 (Co-C=O), 97.6 (H3CC=CCH), 93.6 (H3CC=CCH), 90.1 (Cp C), 77.2 
(CCH(OH)CHzCHJ), 33.8 (CCH(OH)CHzCHJ), 20.5 11.1 
(CCH(OH)CHzCHJ); (ii) Minor diastereoisomer oH (250 MHz, CDCh) 5.48 (5H, s, Cp 
H), 4.73-4.66 (IH, m, CCH(OH)CH3), 2.73 (3H, s, H3CC=C), 1.85-1.63 (2H, m, 
CCH(OH)CH2CH3), 1.50 (1H, d, J 6.7 Hz, OH), 1.09 (3H, t, J 7.4 Hz, 
CCH(OH)CHzCH3); 8c (100 MHz, CDCh) 225.5 (Mo-C=O), 224.7 (Mo-C=O), 203.7 
(Co-C=O), 98.4 (H3CC=CCH), 94.4 (H3CC=CCH), 90.0 (Cp C), 76.8 
(CCH(OH)CHzCH3), 
(CCH(OH)CHzCHJ). 
31.8 (CCH(OH)CHzCHJ), 20.3 10.9 
(+/-)-Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-2-methyl-hept-5-
yn-4-ol (197)123d 
/ 
H 
H3C OH H3C OH 0'\ 1
''"''' /CO 
or oc, ,,,,,
1 
_.........eo 
Co r~ Co t?PJ oc/ \ oc/ \ CO oc CO oc 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-2-butynal (0.89 g, 2.08 mmol) and anhydrous THF (30 cm3). 
The reaction flask was cooled to -78°C before iso-butyl magnesium bromide [2M EtzO 
soln.](5.20 cm3, 10.40 mmolj was added drop wise. The reaction mixture was left to stir 
at -78°C for a further 1.0 h. After this time, the reaction was quenched with ethanol (5 
cm3) and allowed to warm to ambient temperature. The reaction mixture was then dried 
over magnesium sulfate, filtered through a pad of celite and silica and concentrated under 
reduced pressure. The resulting crude residue was purified further by flash silica column 
chromatography (light petroleurn!diethyl ether (5: 1) elution) to yield the title compound 
as an inseparable mixture of diastereoisomers as a dark red oil (0.75 g, 75%, 81% de). 
Assigned from combined spectra, HRMS (FAB) C1sH1906CoMo-CO, Requires (M+-CO): 
459.9619, Found (~-CO): 459.9626 (+1.6 ppm), mlz 460 (M+-co, 18%), 443 (~-CO­
OH, 12%), 432 (M+-2CO, 100%), 415 (M+-2CO-OH, 31%), 404 (M+-3CO, 67%), 387 
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(M+-3CO-OH, 26%), 376 (M+-4CO, 66%), 359 (M+-4CO-OH, 29%), 348 (M+-5CO, 
41%), 331 (M+-5CO-OH, 21%); Vmax (thin film)/cm'1 3463 (OH), 2956, 2928,2868 (sp3 
C-H), 2044, 1967, 1923 (Mo-C.,O, Co-C.,O); (i) Major diastereoisomer oH (250 MHz, 
CDCb) 5.44 (5H, s, Cp H), 4.63-4.55 (1H, m, CCH(OH)CH3), 2.70 (3H, s, H3CC=C), 
2.00-1.83 (IH, m, CCH(OH)CH2CH(CH3)2), 1.59-1.25 (3H, m, CCH(OH)CH2CH(CH3)2 
and OH), 0.98 (3H, d, J 3.0 Hz, CCH(OH)CH2CH(CH3)2), 0.95 (3H, d, J 3.0 Hz, 
CCH(OH)CH2CH(CH3)2); lie (100 MHz, CDCh) 226.3 (Mo-C.,O), 224.4 (Mo-C.,O), 
. 204.1 (Co-c .. o), 97.5 (HJcc .. ccH), 94.3 (HJcc .. ccH), 90.1 (Cp C), 73.6 
(CCH(OH)CH2CH(CH3)2), 49.1 (CCH(OH)CH2CH(CH3)2), 25.0 
23.6 22.5 
(CCH(OH)CH2CH(CH3)2), 20.4 (H3CC.,C); (i) Minor diastereoisomer oH (250 MHz, 
CDCb) 5.48 (5H, s, Cp H), 4.92-4.85 (1H, m, CCH(OH)CH2CH(CH3)2), 2.72 (3H, s, 
H3CC"'C), 2.00-1.83 /(IH, m, CCH(OH)CH2CH(CH3)2), 1.59-1.25 (3H, m, 
CCH(OH)CH2CH(CH3)2 and OH), 0.98 (3H, d, J 3.0 Hz, CCH(OH)CH2CH(CH3)2), 0.95 
(3H, d, J 3.0 Hz, CCH(OH)CH2CH(CH3)2); lie (100 MHz, CDCh) 225.4 (Mo-C.,O), 
224.7 (Mo-C.,O), 204.1 (Co-C.,O), 98.3 (H3CC.,CCH), 95.1 (HJCC.,CCH), 90.0 (Cp C), 
73.2 47.9 
23.4 
(CCH(OH)CH2CH(CH3)2), 
(CCH(OH)CH2CH( CH3)2), 
24.8 
21.8 
(+/-)-Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-1-phenyl-but-2-
yn-1-ol (196)123d 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-2-butynal (0.58 g, 1.36 mmol) and anhydrous THF (30 cm3). 
The reaction flask was cooled to -78°C before phenyl magnesium bromide [3M Et20 
Heterobimetallic Alkyne Complexes and their use in Asymmetric Synthesis 185 
soln.](2.26 cm3, 6.78 mmol) was added drop wise. The reaction mixture was left to stir at 
-78°C for a further 1.0 h. After this time, the reaction was quenched with ethanol (5 cm3) 
and allowed to warm to ambient temperature. The reaction mixture was then dried over 
magnesium sulfate, filtered through a pad of celite and silica and concentrated under 
reduced pressure. The resulting crude residue was purified further by flash silica column 
chromatography (light petroleurn!diethyl ether (5: I) elution) to yield the title compound 
as an inseparable mixture of diastereoisomers as a dark red oil (0.31 g, 45%, 67% de). 
Assigned from combined spectra, HRMS (FAB) C2oH1506CoMo, Requires (M+-2CO): 
451.9356, Found (M+-2CO): 451.9348 (-1.9 ppm), m!z 452 (M+-2CO, 15%), 424 (M+-
3CO, 100%), 396 (M+-4CO, 12%), 368 (M+-5CO, 72%); Vmax (thin film)/cm-1 3442 
(OH), 2899 (sp3 C-H), 2044, 1975, 1929 (Mo-C=O, Co-C=O); (i) Major diastereoisomer 
OH (250 MHz, CDCl3) 7.39-7.26 (5H, m, aryl H), 5.67 (IH, d, J 3.2 Hz, CCH(OH)Ph), 
5.39 (5H, s, Cp H), 2.66 (3H, s, H3CC=C), 2.10 (IH, d, J 3.5 Hz, OH); <ic (lOO MHz, 
CDCh) 226.5 (Mo-C=O), 223.6 (Mo-C=O), 203.7 (Co-C=O), 144.5 (Ar C), 128.2 (Ar 
CH), 127.7 (Ar CH), 125.8 (Ar CH), 98.5 (H3CC=CCH), 92.9 (H3CC=CCH), 90.1 (Cp 
C), 78.2 (CCH(OH)Ph), 20.7 (H3CC=C); (ii) Minor diastereoisomer oH (250 MHz, 
CDCh) 7.39-7.26 (5H, m, aryl H), 5.94 (IH, d, J2.3 Hz, CCH(OH)Ph), 5.38 (5H, s, Cp 
' 
H), 2.66 (3H, s, H3CC=C), 1.92 (IH, d, J2.3 Hz, OH); <ic (lOO MHz, CDCh) 225.8 (Mo-
C=O), 222.1 (Mo-C=O), 203.7 (Co-C=O), 143.4 (ArC), 128.1 (ArCH), 127.6 (ArCH),. 
124.6 (Ar CH), 94.0 (H3CC=CCH), 91.7 (H3CC=CCH), 89.9 (Cp C), 77.3 
(CCH(OH)Ph), 20.7 (H3CC=C). 
Dicobalt hexacarbonyl-prop-2-yn-1-ol (200)ta,tosa 
H OH 
To a pre-dried flask was added dicobalt octacarbonyl (2.00 g, 5.85 mmol) and DCM (50 
cm
3). To this was added prop-2-yn-1-ol (0.31 cm3, 5.32 mmol) and the resulting solution 
was left to stir overnight at ambient temperature. The reaction mixture was filtered 
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through a plug of celite, concentrated under reduced pressure and purified further by flash 
silica column chromatography (light petroleum/diethyl ether ( 4: I) elution) to yield the 
title compound as a dark red solid (1.80 g, 91 %). mp 57-59°C; Found: C 31.5%, H 1.1 %, 
Requires: C 31.6%, 1.2%; HRMS (FAB) C9H407Co2, Requires (M'): 341.8621, Found 
(M+): 341.8618 (-1.0 ppm), mlz 342 (M\ 28%), 325 (M+-0H, 22%), 314 (M+-CO, 
100%), 297 (M+-OH-CO, 28%), 286 (M+-2CO, 73%), 269 (M+-OH-2CO, 14%), 258 
(M+-3CO, 61%), 241 (M+-OH-3CO, 26%), 230 (M+-4CO, 32%), 213 (M+-OH-4CO, 7%), 
202 (M+-5CO, 21%), 174 (M+-6CO, 25%); Ymax (thin film)/cm·1 3260 (OH), 2940,2861 
(sp3 C-H), 2096, 2046, 2026 (Co-C=O); cSH (400 MHz, CDCh) 6.08 (IH, t, J 1.0 Hz, 
HC=CCHz), 4.80 (2H, dd, J 1.0 Hz and J' 6.2 Hz, CCH20H), 1.86 (1H, t, J 6.2 Hz, OH); 
cSc (100 MHz, CDCh) 199.2 (Co-C=O), 95.1 (HC=CCHz), 71.2 (HC=CCHz), 63.4 
(CCHz). 
/ 
Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-prop-2-yn-1-ol 
.G.2§1126,133b 
H 
To a pre-dried flask was added molybdenum cyclopentadienyl tricarbonyl dimer (0.95 g, 
1.94 mmol) and anhydrous THF (60 cm3). To this was added carefully, K-Selectride [!M 
THF soln.](4.84 cm3, 4.84 mmol) and the reaction mixture was left to stir at ambient 
temperature for 1.0 h, during which time the solution turned from a deep purple colour to 
a yellow/orange colour. Dicobalt hexacarbonyl-prop-2-yn-1-ol (1.32 g, 3.87 mmol) was 
added and the resulting solution was refluxed for 2.5 h. After cooling, the reaction 
mixture was adsorbed onto flash silica gel and filtered through a pad of celite. The 
resulting solution was concentrated under reduced pressure and further purified by flash 
silica column chromatography (light petroleum/diethyl ether (6.5:3.5) elution) to yield the 
title compound as a dark red oil (0.93 g, 58%). HRMS (FAB) C13H906CoMo, Requires 
(M'): 389.8836, Found (M'): 389.8833 (-0.9 ppm), mlz 390 (M+, 15%), 362 (M+-co, 
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39%), 334 (M+-2CO, 26%), 306 (M+-3CO, 21%), 278 (M+-4CO, 27%), 250 (~-5CO, 
18%); Vmax (thin film)/cm· 1 3411 (OH), 2956, 2927, 2869 (sp3 C-H), 2050, 1992, 1884 
(Mo-C=O, Co-C=O); oH (250 MHz, CDCh) 5.68 (IH, s, HC=C), 5.45 (5H, s, Cp H), 4.93 
(IH, dd, J 3.0 Hz and J' 13.8 Hz, CH20H), 4.70 (IH, dd, J 6.1 Hz and J' 12.8 Hz, 
CH20H), 1.81 (IH, m, OH); lie (100 MHz, CDCh) 224.9 (Mo-C=O), 203.5 (Co-C=O), 
90.2 (Cp C), 88.6 (HC=C), 75.2 (HC=C), 67.3 (CH2). 
Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-propargylium 
tetrafluoroborate salt (100)101b,tJJb 
H 
/ 
To a pre-dried flask was added cobalt tricarbonyl molybdenum . 
dicarbonylcyclopentadienyl-prop-2-yn-1-ol (0.68 g, 1.63 mrnol) and anhydrous diethyl 
ether (20 cm3). The flask was cooled to 0°C. To the solution was then added drop wise, 
tetrafluoroboric acid (0.13 cm~, 1.80 mmol) as a diethyl ether (I cm3) solution. An 
instantaneous orange precipitate was formed, but the reaction was left to stir at 0°C for a 
further 0.5 h to ensure complete reaction. After this time, the reaction flask was allowed 
to warm to ambient temperature. The resulting precipitate was filtered and isolated to 
yield the title compound as an orange solid (0.62 g, 78%). mp 123-125°C; HRMS (FAB) 
C13HsOsCoMoBF4, Requires (M+-BF4): 400.8758, Found (M+-BF4): 400.8762 (+1.1 
ppm), mlz 401 (M+-BF4, 31%), 373 (~-BF4-CO, 52%), 345 (~-BF4-ZCO, 35%), 317 
(~-BF4-3CO, 30%), 289 (M+-BF4·4CO, 22%), 261 (~-BF4-SCO, 22%); Vmax (thin 
film)/cm· 1 2097, 2027 (Mo-C=O, Co-C=O). 
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Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-pent-3-yn-2-
tetralluoroborate salt (223)133b 
188 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-pent-3-yn-2-ol (0.39 g, 0.87 mmol) and anhydrous diethyl 
ether (20 cm3). The flask was cooled to 0°C. To the solution was then added drop wise, 
tetrafluoroboric acid (0.07 cm3, 0.96 mmol) as a diethyl ether (1 cm3) solution. An 
instantaneous orange p~jl6ipitate was formed, but the reaction was left to stir at 0°C for a 
further 0.5 h to ensure complete reaction. After this time, the reaction flask was allowed 
to warm to ambient temperature. The resulting precipitate was filtered and isolated to 
yield the title compound as an orange solid (0.33 g, 73%). mp 148-150°C; HRMS (FAB) 
CtsHt20sCoMoBF4, Requires (M'-BF4): 428.9071, Found (M+-BF4): 428.9079 (+l.l 
ppm), mlz 429 (M+-BF4, 56%),'401 (M+-BF4-CO, 100%), 373 (M+-BF4-2CO, 43%), 345 
(1f'-BF4-3CO, 31 %), 317 (M+-BF4-4CO, 25%), 289 (M+-BF4-5CO, 18%); Vmax 
(KBr)/cm·1 2087, 2050, 1975 (Mo-C=O, Co-C=O). 
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Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-hex-4-yn-3-
tetrafluoroborate salt (224)133b 
189 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-hex-4-yn-3-ol (1.27 g, 2.76 mmol) and anhydrous diethyl 
ether (20 cm3). The flask was cooled to 0°C. To the solution was then added drop wise, 
tetrafluoroboric acid (0.23 cm3, 3.04 mmol) as a diethyl ether (1 cm3) solution. An 
instantaneous orange P!j:tipitate was formed, but the reaction was left to stir at 0°C for a 
further 0.5 h to ensure complete reaction. After this time, the reaction flask was allowed 
to warm to ambient temperature. The resulting precipitate was filtered and isolated to 
yield the title compound as an orange solid (0.90 g, 62%). mp 146-148°C; Found: C 
36.3%, H 2.6%, Requires: C 36.4%, H 2.7%; HRMS (FAB) C16HI40sCoMoBF4, 
Requires (M+-BF4): 442.9227, 'Found (~-BF4): 442.9227 (0 ppm), m/z 443 (M+-BF4, 
69%), 415 (M+-BF4-CO, 100%), 387 (M+-BF4-2CO, 33%), 359 (~-BF4-3CO, 39%), 
331 (M+-BF4-4CO, 27%), 303 (M+-BF4-5CO, 18%); Vmax (thin film)/cm-1 2974, 2937, 
2876 (sp3 C-H), 2090, 2040, 1933 (Mo-C=O, Co-C=O). 
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Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-2-methyl-hept-5-yn-4-
tetrafluoroborate salt (225)133b 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-2-methyl-hept-5-yn-4-ol (0.75 g, 1.55 mmol) and anhydrous 
diethyl ether (20 cm3). The flask was cooled to 0°C. To the solution was then added drop 
wise, tetrafluoroboric acid (0.13 cm3, 1.71 mmol) as a diethyl ether (I cm3) solution. An 
instantaneous orange p~ecipitate was formed, but the reaction was left to stir at 0°C for a 
further 0.5 h to ensure complete reaction. After this time, the reaction flask was allowed 
to warm to ambient temperature. The resulting precipitate was filtered and isolated to 
yield the title compound as an orange solid (0.61 g, 71%). mp 95-97°C; HRMS (FAB) 
CrsHrsOsCoMoBF4, Requires (M'-BF4): 470.9540, Found (M•-BF4): 470.9543 (+0.6 
ppm), mlz 47! (M•-BF4, 63%), "443 (M'-BF4-CO, 100%), 415 (M'-BF4-2CO, 37%), 387 
(M+-BF4-3CO, 30%), 359 (M'-BF4-4CO, 29%), 331 (M'-BF4-5CO, 13%); Vmax (thin 
film)/cm·1 2958, 2869 (sp3 C-H), 2090, 2055, 2041 (Mo-C=O, Co-C=O). 
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Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-1-phenyl-but-2-yn-1-
tetrafluoroborate salt (218)133b 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-1-phenyl-but-2-yn-1-ol (0.46 g, 0.92 rnmol) and anhydrous 
diethyl ether (20 cm\ The flask was cooled to 0°C. To the solution was then added drop 
wise, tetrafluoroboric acid (0.08 cm3, 1.01 mmol) as a diethyl ether(! cm3) solution. An 
instantaneous orange p~~cipitate was formed, but the reaction was left to stir at ooc for a 
further 0.5 h to ensure complete reaction. After this time, the reaction flask was allowed 
to warm to ambient temperature. The resulting precipitate was filtered and isolated to 
yield the title compound as an orange solid (0.43 g, 81%). mp 184-186°C; Found: C 
41.4%, Requires: C 41.7%, H 2.45%; HRMS (FAB) CzoHt40sCoMoBF4, Requires (M+-
BF4): 490.9227, Found (M+-BF4): 490.9227 (-0.1 ppm), mlz 491 (M+-BF4, 24%), 463 
(M+-BF4-CO, 55%), 435 (W-BF4-2CO, 12%), 407 (W-BF4-3CO, 60%), 379 (M+-BF4-
4CO, 43%), 351 (M+-BF4-5CO, 48%); Vmax (thin film)/cm"1 2093, 2054, 2034, 2006 (Mo-
C=O, Co-C=O), 763, 704 (ArC-H). 
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(+/-)-Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-2-prop-2-ynyl-
cyclohexanone (221) 
0 
or 
Method A 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-propargylium tetrafluoroborate salt (0.07 g, 0.14 mmol) and 
anhydrous DCM (10 cnf'). The flask was cooled to 0°C. To the solution was then added 
the TMS enol ether of cyclohexanone (0.06 cm3, 0.32 mmol) and the resulting reaction 
mixture was left to stir at 0°C for 1.0 h. After this time, the flask was allowed to warm to 
ambient temperature. The solution was then filtered through a pad of celite and 
concentrated under reduced pressure. The resulting crude residue was purified further by 
flash silica column chromatogr~phy (light petroleum/diethyl ether (3:1) elution) to yield 
the title complex as an inseparable mixture of diastereoisomers as a dark red oil (0.04 g, 
59%,34% de) 
MethodB 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-propargylium tetraflouroborate salt (0.10 g, 0.21 mmol) and 
anhydrous DCM (10 cm3). The flask was cooled to 0°C. To the solution was then added 
1-morpholino-1-cyclohexene (0.08 cm3, 0.45 mmol) and the resulting reaction mixture 
was left to stir at ooc for 1.0 h. After this time, the flask was allowed to warm to ambient 
temperature. The solution was then filtered through a pad of celite and concentrated 
under reduced pressure. The resulting crude residue was purified further by flash silica 
column chromatography (light petroleum/diethyl ether (3:1) elution) io yield the title 
complex as an inseparable mixture of diastereoisomers as a dark red oil (0.07 g, 68%, 
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28% de). Assigned from combined spectra, HRMS (FAB) Ct9Hl706CoMo-2CO, 
Requires (M•-2CO): 441.9513, Found (M•-2CO): 441.9521 (+1.7 ppm), mlz 442 (M•-
2CO, 19%), 414 (M•-3CO, 100%), 386 (~-4CO, 22%), 358 (M•-5cO, 14%); Vmax (thin 
film)/cm"1 2932, 2858 (sp3 C-H), 2044, 1991, 1933 (Mo-C=O, Co-C=O), 1709 (C=O); (i) 
Major diastereoisomer OH (400 MHz, CDCh) 5.76 (IH, s, HC=C), 5.38 (5H, s, Cp H), 
3.42 (IH, dd, J 4.9 Hz andJ' 15.4 Hz, HC=CCH2CH), 2.55 (1H, dd, J7.7 Hz and J' 15.5 
Hz, HC=CCHzCH), 2.43-2.25 (4H, m, CHCOCHz and CHCOCHz and CHCHzCHz), 
2.09-2.04 (IH, m, CHCHzCH2CHz), 1.88-1.86 (IH, m, CHCHzCHzCHz), 1.72-1.61 (2H, 
m, CHCHzCHzCHz and CHCHzCHzCHz), 1.45-1.36 (IH, m, CHCHzCHz); 15c (100 MHz, 
CDCh) 226.3 (Mo-C=O), 226.0 (Mo-C=O), 212.1 (C=O), 203.9 (Co-C=O), 90.9 (Cp C), 
87.6 (HC=C), 78.6 (HC=C), 52.8 (CCH2CHCO), 42.0 (CHCOCHz), 35.5 
(HC=CCHzCH), 34.2 (CHCHzCHz), 28.1 (CHCHzCHzCHz), 24.8 (CHCHzCHzCHz). (ii) 
/ 
Minor diastereoisomer'oH (400 MHz, CDCh) 5.72 (1H, s, HC=C), 5.38 (5H, s, Cp H), 
3.29 (1H, dd, J 6.6 Hz andJ' 15.2 Hz, HC=CCH2CH), 2.67 (1H, dd, J 5.6 Hz and J' 15.5 
Hz, HC=CCH2CH), 2.43-2.25 (3H, m, CHCOCH2 and CHCOCHz), 2.17 (1H, m, 
CHCH2CHz), 2.09-2.04 (1H, m, CHCHzCHzCHz), 1.88-1.86 (1H, m, CHCHzCHzCHz), 
1.72-1.61 (2H, m, CHCHz~HzCHz and CHCH2CH2CHz), 1.45-1.36 (1H, m, 
CHCHzCHz); 8c (100 MHz, CDCh) 226.6 (Mo-C=O), 225.7 (Mo-C=O), 211.9 (C=O), 
203.9 (Co-C=O), 90.8 (Cp C), 88.2 (HC=C), 78.7 (HC=C), 53.0 (CCHzCHCO), 42.2 
(CHCOCHz), 35.8 (HC=CCHzCH), 35.0 (CHCH2CH2), 28.3 (CHCHzCHzCHz), 25.2 
(CHCHzCHzCHz). 
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(+/-)-Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-2-prop-2-ynyl-
cyclopentanone (232) 
H H 
·· .... 
0~ "' ,,,,,
11 
/CO or 0~ 
'*' ,,,,111 /CO Co ;a:~ Co r~ OC'/ \ oc/ \ CO oc CO oc 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-propargylium tetraflouroborate salt (0.30 g, 0.62 mmol) and 
anhydrous DCM (15 cm3). The flask was cooled to 0°C. To the solution was then added 
1-morpholino-1-cyclop~)ltene (0.35 cm3, 2.16 mmol) and the resulting reaction mixture 
was left to stir at 0°C for 1.0 h. After this time, the flask was allowed to warm to ambient 
temperature. The solution was then filtered through a pad of celite and concentrated 
under reduced pressure. The resulting crude residue was purified further by flash silica 
column chromatography (light petroleum/diethyl ether (3: I) elution) to yield the title 
complex as an inseparable miJcture of diastereoisomers as a dark red oil (0.21 g, 70%, 
20% de). Assigned from combined spectra, HRMS (FAB) CtsHts06CoMo-3CO, 
. Requires (M+-3CO): 399.94073, Found (M+-3CO): 399.9398 (-2.4 ppm), mlz 428 (M+-
2CO, 1%), 400 (M+-3CO, 10%), 372 (M+-4CO, 5%), 344 (M+-5CO, 7%); Vmax (thin 
film)/cm·1 2960, 2923 (sp3 C-H), 2045, 1991, 1934 (Mo-C=O, Co-C=O), 1734 (C=O); (i) 
Major diastereoisomer SH (400 MHz, CDC13) 5.74 (IH, s, HC=C), 5.39 (5H, s, Cp H), 
3.36 (IH, dd, 13.4 Hz andJ' 15.5 Hz, HC=CCH2CH), 2.59-2.52 (IH, m, HC=CCH2CH), 
2.35-2.01 (5H, m, CHCOCH2 and CHCOCH2 and CHCOCH2 and CHCH2CH2 and 
CHCH2CH2), 1.62-1.57 (2H, m, CHCH2CHz and CHCH2CH2); Se (100 MHz, CDCh) 
225.9 (Mo-C=O), 225.2 (Mo-C=O), 219.4 (C=O), 204.0 (Co-C=O), 90.8 (Cp C), 86.3 
(HC=C), 77.9 (HC=C), 51.3 (CCHzCHCO), 38.0 (CHCOCHz), 36.7 (HC=CCHzCH), 
30.2 (CHCH2CHz), 20.4 (CHCHzCH2). (ii) Minor diastereoisomer Sn (400 MHz, CDCh) 
5.83 (IH, s, HC=C), 5.39 (5H, s, Cp H), 3.27 (IH, dd, J 3.5 Hz and J' 15.3 Hz, 
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HC=CCH2CH), 2.79-2.78 (lH, m, HC=CCH2CH), 2.35-2.01 (5H, m, CHCOCH2 and 
CHCOCH2 and CHCOCH2 and CHCH2CH2 and CHCH2CH2), 1.62-1.57 (2H, m, 
CHCH2CH2 and CHCH2CH2); Se (100 MHz, CDCh) 226.8 (Mo-C=O), 225.7 (Mo-C=O), 
219.3 (C=O), 204.0 (Co-C=O), 90.8 (Cp C), 87.9 (HC=C), 79.0 (HC=C), 50.9 
(CCH2CHCO), 37.9 (CHCOCH2), 36.8 (HC=CCH2CH), 30.3 (CHCH2CH2), 20.4 
(CHCH2CH2). 
(+/-)-Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-2-(1-methyl-but-
2-ynyl)-cyclohexanone (226) 
/ 
Method A 
To a pre-dried flask · was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-pent-3-yn-2-tetrafluoroborate salt (0.08 g, 0.16 mmol) and 
anhydrous DCM (10 cm\ The flask was cooled to 0°C. To the solution was then added 
the TMS enol ether of cyclohexanone (0.07 cm3, 0.34 mmol) and the resulting reaction 
mixture was left to stir at 0°C for 1.0 h. After this time, the flask was allowed to warm to 
ambient temperature. The solution was then filtered through a pad of celite and 
concentrated under reduced pressure. The resulting crude residue was purified further by 
flash silica column chromatography (light petroleurn/diethyl ether (5:1) elution) to yield 
the title complex as an inseparable mixture of diastereoisomers as a dark red oil (0.04 g, 
49%) 
MethodB 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-pent-3-yn-2-tetrafluoroborate salt (0.10 g, 0.19 mmol) and 
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anhydrous DCM (IQ cm\ The flask was cooled to 0°C. To the solution was then added 
1-morpholino-1-cyclohexene (0.07 cm3, 0.43 mmol) and the resulting reaction mixture 
was left to stir at 0°C for 1.0 h. After this time, the flask was allowed to warm to ambient 
temperature. The solution was filtered through a pad of celite and concentrated under 
reduced pressure. The resulting crude residue was purified further by flash silica column 
chromatography (light petroleum/diethyl ether (5: I) elution) to yield the title complex as 
an inseparable mixture of diastereoisomers as a dark red oil (0.08 g, 77% ). Assigned from 
combined spectra, HRMS (FAB) CztH210 6CoMo-Me, Requires (M+-Me): 510.9489, 
Found (M+-Me): 510.9495 (+1.0 ppm), m/z 511 (M+-Me, 58%), 483 (M+-CO-Me, 6%), 
470 (M+-2CO, 12%), 455 (M+-2CO-Me, 5%), 442 (M+-3CO, 100%), 427 (~-3CO-Me, 
7%), 414 (M+-4CO, 33%); Vmax (thin film)/cm"1 2935, 2862 (sp3 C-H), 2038, 1966, 1925 
(Mo-C"'O, Co-C,.,O), 1710 (C=O). 
/ 
( +1-)-Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-2-(1-ethyl-but-2-
ynyl)-cyclohexanone (227) 
Method A 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-hex-4-yn-3-tetrafluoroborate salt (0.25 g, 0.47 mmol) and 
anhydrous DCM (10 cm\ The flask was cooled to O"C. To the solution was then added 
the TMS enol ether of cyclohexanone (0.20 cm3, 1.04 mmol) and the resulting reaction 
mixture was left to stir at O"C for 1.0 h. After this time, the flask was allowed to warm to 
ambient temperature. The solution was then filtered through a pad of celite and 
concentrated under reduced pressure. The resulting crude residue was purified further by 
flash silica column chromatography (light petroleum/diethyl ether (5:1) elution) to yield 
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the title complex as an inseparable mixture of diastereoisomers as a dark red oil (0.13 g, 
53%) 
MethodB 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-hex-4-yn-3-tetrafluoroborate salt (0.25 g, 0.47 mmol) and 
anhydrous DCM (15 cm3). The flask was cooled to 0°C. To the solution was then added 
1-morpholino-1-cyclohexene (0.18 cm3, 1.04 mmol) and the resulting reaction mixture 
was left to stir at ooc for 2.0 h. After this time, the flask was allowed to warm to ambient 
temperature. The solution was then filtered through a pad of celite and concentrated 
under reduced pressure. The resulting crude residue was then purified further by flash 
silica column chromatography (light petroleum/diethyl ether (5:1) elution) to yield the 
title complex as an in~e{>arable mixture of diastereoisomers as a dark red oil (0.13 g, 
64%). Assigned from combined spectra, HRMS (FAB) C22H2J06CoMo-Me, Requires 
(M'-Me): 524.9646, Found (M'-Me): 524.9640 (-1.0 ppm), mlz 525 (M+-Me, 46%), 497 
(M+-CO-Me, 3%), 484 (M'-2CO, 3%), 469 (M+-2CO-Me, 1%), 456 (M+-3CO, 21%), 
441 (M'-3CO-Me, 4%), 428 (M+-4CO, 5%), 413 (M'-4CO-Me, 1%), 400 (M+-5CO, 
1%); Yma. (thin film)/cm"1 2930'; 2856 (sp3 C-H), 2037, 1967, 1923 (Mo-C=O, Co-C=O), 
1706 (C=O). 
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( +1-)-Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-2-{1-iso-butyl-
but-2-ynyl)-cyclohexanone (228) 
Method A 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-2-methyl-hept-5-yn-4-tetrafluoroborate salt (0.12 g, 0.22 
. 3 
rnmol) and anhydrous DC:M (10 cm ). The flask was cooled to 0°C. To the solution was 
then added the TMS enol ether of cyclohexanone (0.09 g, 0.47 mmol) and the resulting 
reaction mixture was left to stir at ooc for 1.0 h. After this time, the flask was allowed to 
warm to ambient temperature. The solution was then filtered through a pad of celite and 
concentrated under reduced pressure. The resulting crude residue was purified further by 
flash silica column chromatography (light petroleumldiethyl ether (5:1) elution) to yield 
the title complex as an inseparable mixture of diastereoisomers as a dark red oil (0.07 g, 
59%) 
MethodB 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-2-methyl-hept-5-yn-4-tetrafluoroborate salt (0.12 g, 0.22 
rnmol) and anhydrous DCM (15 cm\ The flask was cooled to 0°C. To the solution was 
then added 1-morpholino-1-cyclohexene (0.08 cm3, 0.47 mmol) and the resulting reaction 
mixture was left to stir at 0°C for 2.0 h. After this time, the flask was allowed to warm to 
ambient temperature. The solution was then filtered through a pad of celite and 
concentrated under reduced pressure. The resulting crude residue was purified further by 
flash silica column chromatography (light petroleumldiethyl ether (5:1) elution) to yield 
the title complex as an inseparable mixture of diastereoisomers as a dark red oil (0.11 g, 
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89%). Assigned from combined spectra, HRMS (FAB) Cz4H2706CoMo-Me, Requires 
(W-Me): 552.9959, Found (M+-Me): 552.9951 (-1.4 ppm), m/z 553 (M+-Me, 6%), 512 
(W-2CO, 4%), 497 (M+-2CO-Me, 3%), 484 (M+-3CO, 49%), 469 (W-3CO-Me, 11%), 
456 (W-4CO, 14%), 441 (M+-4CO-Me, 5%), 428 (M+-5CO, 3%), 413 (M+-5CO-Me, 
6%); Vmax (thin film)/cm· 1 2953, 2864 (sp3 C-H), 2038, 1967, 1923 (Mo-0=0, Co-0=0), 
1707 (C=O). 
( +1-)-Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-2-{1-phenyl-but-
2-ynyl)-cyclohexanone (229) 
/ 
Method A 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-1-phenyl-but-2-yn-1-tetrafluoroborate salt (0.10 g, 0.17 
mrnol) and anhydrous DCM (10 cm\ The flask was cooled to 0°C. To the solution was 
then added the TMS enol ether of cyclohexanone (0.07 g, 0.38 mrnol) and the resulting 
reaction mixture was left to stir at 0°C for 1.0 h. After this time, the flask was allowed to 
warm to ambient temperature. The solution was then filtered through a pad of celite and 
concentrated "under reduced pressure. The resulting crude residue was purified further by 
flash silica column chromatography (light petroleum/diethyl ether (5:1) elution) to yield 
the title complex as an inseparable mixture of diastereoisomers as a dark red oil (0.02 g, 
20%) 
MethodB 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-1-phenyl-but-2-yn-1-tetrafluoroborate salt (0.10 g, 0.17 
mrnol) and anhydrous DCM (10 cm\ The flask was cooled to 0°C. To the solution was 
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then added 1-morpholino-1-cyclohexene (0.06 cm3, 0.38 mmol) and the resulting reaction 
mixture was left to stir at ooc for 2.0 h. After this time, the flask was allowed to warm to 
ambient temperature. The solution was then filtered through a pad of celite and 
concentrated under reduced pressure. The resulting crude residue was purified further by 
flash silica column chromatography (light petroleum/diethyl ether (5: I) elution) to yield 
' the title complex as an inseparable mixture of diastereoisomers as a dark red oil (0.06 g, 
60%). Assigned from combined spectra, HRMS (FAB) C26H2J06CoMo-Me, Requires 
(M'-Me): 572.9646, Found (M+-Me): 572.9646 (0 ppm), mlz 573 (M+-Me, 45%), 545 
(M+-CO-Me, 6%), 532 (M+-2CO, 4%), 517 (M+-2CO-Me, 4%), 504 (M+-3CO, 85%), 
489 (M+-3CO-Me, 5%), 476 (M+-4CO, 9%), 461 (M'-4CO-Me, 10%), 448 (M'-SCO, 
30%), 433 (M'-5CO-Me, 5%); Ymax (thin film)/cm·1 2932, 2857 (sp3 C-H), 2039, 1967, 
1923 (Mo-C=O, Co-C=O), 1710 (C=O). 
/ 
(+/-)-2-(1-Methyl-but-2-ynyl)-cyclohexanone (234) 
0 0 
or 
·•01111111 
H3C 
' 
H3C i 
• • 
"' "' H' Me H' Me 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-2-(1-methyl-but-2-ynyl)-cyclohexanone (0.08 g, 0.15 mmol) 
and anhydrous acetone (8 cm3). The flask was cooled to 0°C. To the solution was added 
eerie ammonium nitrate (0.24 g, 0.44 mmol) in small aliquots over 0.25 h. The resulting 
solution was left to stir at 0°C until the disappearance of the complex spot by TLC. At 
this point the solvent was removed in vacuo, and the crude residue quenched with cold 
0.5M sodium hydrogen carbonate solution (7 cm3) and stirred for 5 min. The solution was 
then extracted with diethyl ether, the ether layers being combined and then washed with 
brine, dried over sodium sulfate and concentrated under reduced pressure. The crude 
residue was purified further by flash silica column chromatography (light 
petroleum/diethyl ether (5:1) elution) to yield the title compound as inseparable . 
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diastereoisomers as colourless oils (0.01 g, 41%, 22% de). Assigned from combined 
spectra, HRMS (EI) CuHt60, Requires (M\ 164.1201, Found (M}: 164.1198 (-1.9 
ppm), m/z 164 (M+, 7%), 163 (~-H, 21%), 149 (M+-Me, 100%), 135 (85%), 121 (13%), 
107 (8%), 98 (6%), 91 (15%), 79 (18%), 67 (21 %); Ymax (thin film)/cm·1 2918, 2856 (sp3 
C-H), 1710 (C=O), 1449 (C-H); (i) Major diastereoisomer OH (400 MHz, CDCb) 2.98-
2.92 (1H, m, H3CC=CCH), 2.42-2.37 (IH, m, CHCOCH2), 2.31-2.26 (2H, m, CHCOCH2 
and CHCH2CH2), 2.19-2.17 (1H, m, CHCHCO), 2.03-2.01 (1H, m, CHCOCH2CH2), 
1.91-1.85 (1H, m, CHCH2CH2), 1.78 (3H, d, J 2.4 Hz, H1CC=C), 1.70-1.62 (3H, m, 
CHCH2CH2 an<;l CHCOCH2CH2 and CHCH2CH2), 1.13 (3H, d, J 6.9 Hz, C=CCH(CHJ)); 
oc (100 MHz, CDCb) 211.7 (C=O), 81.4 (H3CC=C), 75.7 (H3CC=C), 55.8 (CHCHCO), 
42.3 (CHCOCH2), 31.2 (CHCH2CH2), 28.0 (CHCOCH2CH2), 25.3 (H3CC=CCH), 24.8 
(CHCHzCH2), 20.1 (C=CCH(CHJ)), 3.5 (H3CC=C); (ii) Minor diastereoisomer OH (400 
MHz, CDCb) 2.98-2./z (1H, m, H3CC=CCH), 2.42-2.37 (2H, m, CHCOCH2 and 
CHCHCO), 2.31-2.26 (2H, m, CHCOCH2 and CHCH2CH2), 2.03-2.01 (IH, m, 
CHCOCH2CH2), 1.91-1.85 (1H, m, CHCH2CH2), 1.77 (3H, d, J2.4 Hz, H1CC=C), 1.70-
1.62 (3H, m, CHCH2CHz and CHCOCH2CH2 and CHCH2CH2), 1.10 (3H, d, J 7.0 Hz, 
C=CCH(CH3)R); 8c (100 MHz: CDCb) 211.0 (C=O), 82.6 (H3CC=C), 80.9 (H3CC=C), 
55.0 (CHCHCO), 42.1 (CHCOCH2), 29.7 (CHCH2CH2), 28.7 (CHCOCHzCH2), 27.5 
(CHCH2CH2), 24.7 (H3CC=CCH), 17.1 (C=CCH(CHJ)R), 3.5 (H3CC=C). 
(+/-)-2-fl-Ethy1-but-2-ynyl)-cyclohexanone (235) 
H,c--=::=---:<., 
~ 
"" H' Et 
or 
0 
H,c--==--.:{, 
~ I Et 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-2-(1-methyl-but-2-ynyl)-cyclohexanone (0.09 g, 0.16 mmol) 
and anhydrous acetone (8 cm3). The flask was cooled to 0°C. To the solution was added 
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eerie ammonium nitrate (0.27 g, 0.49 mmol) in small aliquots over 0.25 h. The resulting 
solution was left to stir at 0°C until the disappearance of the complex spot by TLC. At 
this point the solvent was removed in vacuo, and the crude residue quenched with cold 
0.5M sodium hydrogen carbonate solution (7 cm3) and stirred for 5 min. The solution was 
then extracted with diethyl ether, the ether layers being combined and then washed with 
brine, dried over sodium sulfate and concentrated under reduced pressure. The crude 
residue was purified further by flash silica column chromatography (light 
petroleum/diethyl ether (5: I) elution) to yield the title compound as inseparable 
diastereoisomers as colourless oils (0.015 g, 50%, 42% de). Assigned from combined 
spectra, HRMS (El) C12H1sO, Requires (M+): 178.1358, Found (Ml: 178.1355 (-1.3 
ppm), mlz 178 (~, 21%), 163 (M+-Me, 40%), 150 (95%), 149 (M+-Et, 100%), 135 
(27%), 121 (57%), 105 (25%), 98 (100%), 91 (52%), 79 (84%); Ymax (thin film)/cm'1 
2957, 2932, 2860 (sp3 OH), 1706, 1700 (C=O); (i) Major diastereoisomer liH ( 400 MHz, 
CDCI3) 2.80-2.78 (IH, m, H3CO=CCH), 2.42-2.37 (IH, m, CHCOCH2), 2.29-2.23 (3H, 
m, CHCOCH2 and CHCH2CH2 and CHCHCO), 2.06-2.00 (IH, m, CHCOCHzCH2), 
1.91-1.89 (IH, m, CHCHzCH2), 1.79-1.78 (3H, m, H3CC=C), 1.72-1.62 (3H, m, 
CHCH2CHz and CHCOCH2CH2 and CHCH2CH2), 1.47-1.29 (2H, m, CH2CH3), 1.02-
0.97 (3H, m, CHzCH3); lie (iOO MHz, CDCh) 211.9 (C=O), 79.9 (H3CG:C), 78.1 
(HJCC=C), 54.0 (CHCHCO), 42.2 (CHCOCHz), 32.7 (H3CC=CCH), 30.9 (CHCHzCH2), 
27.8 (CHCOCHzCHz), 26.7 (CHzCHJ), 24.7 (CHCH2CH2), 12.4 (CH2CH3), 3.6 
(H3CC=C); (ii) Minor diastereoisomer liH (400 MHz, CDCh) 2.72-2.69 (IH, m, 
H3CC=CCH), 2.42-2.37 (2H, m, CHCHCO and CHCOCH2), 2.29-2.23 (2H, m, 
CHCOCH2 and CHCH2CH2), 2.06-2.00 (IH, m, CHCOCHzCH2), 1.91-1.89 (IH, m, 
CHCHzCH2), 1.79-1.78 (3H, m, H3CC=C), 1.72-1.62 (3H, m, CHCH2CH2 and 
CHCOCH2CH2 and CHCHzCH2), 1.47-1.29 (2H, m, CH2CH3), 1.02-0.97 (3H, m, 
CHzCH1); lie (100 MHz, CDCh) 211.1 (C=O), 79.2 (H3CC=C), 77.6 (H3CC=C), 54.5 
(CHCHCO), 42.1 (CHCOCHz), 30.3 (HJCC=CCH), 29.4 (CHCH2CHz), 27.5 
(CHCOCHzCH2), 24.8 (CHzCH3), 24.3 (CHCH2CH2), 13.6 (CH2CH3), 3.6 (H3CC=C). 
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{+!-}-2-{1-iso-Butyl-but-2-ynyl}-cyclohexanone {236) 
0 0 
or •••111111[ 
H3C H3C 
< i 
" " .;; isu .;; 1Bu H H 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-2-(1-iso-butyl-but-2-ynyl)-cyclohexanone (0.11 g, 0.20 
mmol) and anhydrous acetone (8 cm3). The flask was cooled to 0°C. To the solution was 
added eerie ammonium nitrate (0.33 g, 0.60 mmol) in small aliquots over 0.25 h. The 
resulting solution was left to stir at 0°C until the disappearance of the complex spot by 
TLC. At this point the·1clvent was removed in vacuo, and the crude residue quenched 
with cold 0.5M sodium hydrogen carbonate solution (7 cm3) and stirred for 5 min. The 
solution was then extracted with diethyl ether, the ether layers being combined and then 
washed with brine, dried over sodium sulfate and concentrated under reduced pressure. 
The crude residue was purified further by flash silica column chromatography (light 
• petroleum/diethyl ether (2:1) 'elution) to yield the title compound as inseparable 
diastereoisomers as colourless oils (0.01 g, 23%, 25% de). Assigned from combined 
spectra, HRMS (El) C14H220, Requires (M'): 206.1671, Found (M'): 206.1673 (+1.2 
ppm), mlz 206 (M\ 8%), 191 (M+-Me, 15%), 177 (37%), 163 (24%), 149 (M'-
CH2CH(CH3)2, 100%), 135 (16%), 121 (15%), 107 (11%), 98 (26%), 93 (17%), 79 
(16%); Vmax (thin film)/cm'1 2951, 2865 (sp3 C-H), 1709 (C=O); (i) Major 
diastereoisomer oH (400 MHz, CDCh) 2.99-2.94 (1H, m, H3CC=CCH), 2.44-2.38 (IH, 
m, CHCOCH2), 2.28-2.18 (3H, m, CHCOCH2 and CHCH2CH2 and CHCHCO), 2.02-
2.00 (1H, m, CHCOCH2CH2), 1.92-1.90 (!H, m, CHCH2CH2), 1.83-1.81 (IH, m, 
CH2CH(CH3)2), 1.78-1.77 (3H, m, H3CC=C), 1.72-1.63 (3H, m, CHCH2CH2 and 
CHCOCH2CH2 and CHCH2CH2), 1.37-1.30 (IH, m, CH2CH(CH3)2), 1.11-1.07 (IH, m, 
CH2CH(CH3)2), 0.93-0.89 (6H, m, CH2CH(CH3)2); oc (100 MHz, CDCh) 211.7 (C=O), 
80.0 (H3CC=C), 77.9 (H3CC=C), 54.6 (CHCHCO), 42.8 (CH2CH(CH3)2), 42.1 
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(CHCOCHz), 30.5 (CHCHzCHz), 28.8 (H3CC=CCH), 27.7 (CHCOCHzCHz), 26.0 
(CHzCH(CHJ)z), 24.7 (CHCHzCHz), 23.5 (CHzCH(CH3)z), 21.4 (CHzCH(CHJ)z) 3.6 
. (H3CC=C); (ii) Minor diastereoisomer OH ( 400 MHz, CDCh) 2.88-2.86 (IH, m, 
H3CC=CCH), 2.44-2.38 (2H, m, CHCHCO and CHCOCH2), 2.28-2.18 (2H, m, 
CHCOCH2 and CHCH2CHz), 2.02-2.00 (1H, m, CHCOCHzCH2), 1.92-1.90 (!H, m, 
CHCHzCH2), 1.83-1.81 (IH, m, CHzCH(CH3)z), 1.78-1.77 (3H, m, H1CC=C), 1.72-1.63 
(3H, m, CHCH2CHz and CHCOCHzCH2 and CHCHzCH2), 1.37-1.30. (IH, m, 
CH2CH(CH3)z), 1.11-1.07 (IH, m, CH2CH(CH3)z), 0.93-0.89 (6H, m, CHzCH(CHJ)z); oc 
(100 MHz, CDCh) 210.9 (C=O), 88.9 (H3CC=C), 81.2 (H3CC=C), 54.9 (CHCHCO), 
42.7 (CHzCH(CH3)z), 42.1 (CHCOCHz), 29.8 (CHCHzCHz), 28.9 (H3CC=CCH), 27.4 
(CHCOCHzCHz), 26.3 (CHzCH(CH3)z), 24.8 (CHCHzCHz), 23.8 (CHzCH(CH3)2), 21.1 
(CHzCH(CH3)2) 3.6 (H3CC=C). 
/ 
(+/-}-2-0-Pheny1-but-2-ynyl}-cyclohexanone (237) 
H3c--===---{-' 
~ ~ H . Ph 
0 
or 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-2-(1-phenyl-but-2-ynyl)-cyclohexanone (0.30 g, 0.52 mmol) 
and anhydrous acetone (20 cm3). The flask was cooled to 0°C. To the solution was added 
eerie ammonium nitrate (0.85 g, 1.55 mmol) in small aliquots over 0.25 h. The resulting 
solution was left to stir at 0°C until the disappearance of the complex spot by TLC. At 
this point the solvent was removed in vacuo, and the crude residue quenched with cold 
0.5M sodium hydrogen carbonate solution (15 cm3) and stirred for 5 min. The solution 
was then extracted with diethyl ether, the ether layers being combined and then washed 
with brine, dried over sodium sulfate and concentrated under reduced pressure. The crude 
residue was purified further by flash silica column chromatography (light 
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petroleum/diethyl ether (3: I) elution) to yield the title compound as separable 
diastereoisomers as colourless oils (0.03 g, 26%, 3% de). (i) First eluting major 
diastereoisomer HRMS (El) C16H180, Requires (M'): 226.1358, Found (M'): 226.1355 (-
1.0 ppm), mlz 226 (M+, 25%), 211 (M+-Me, 45%), 197 (47%), 183 (5%), 169 (4%), 155 
(6%), 141 (9%), 129 (100%), 128 (44%), 115 (9%), 103 (5%), 91 (7%); Vmax (thin 
film)/cm"1 2934, 2858 (sp3 C-H), I 712 (C=O), 1451 (C-H), 701 (ArC-H); OH (400 MHz, 
CDCh) 7.36-7.33 (2H, m, aryl H), 7.31,7.27 (2H, m, aryl H), 7.24-7.20 (IH, m, aryl H), 
4.06-4.02 (IH, m, H3C=CCH), 2.76-2.72 (1H, m, CHCHCOCHz), 2.47-2.42 (IH, m, 
CHCOCH2), 2.39-2.34 (IH, m, CHCOCH2), 1.99-1.95 (IH, m, CHCOCHzCH2), 1.81 
(3H, d, J 2.4 Hz, H3CC=C), 1.79-1.73 (2H, m, CHCH2CH2 and CHCHzCH2), 1.67-1.55 
(2H, m, CHCOCHzCH2 and CHCH2CH2), 1.27-1.21 (IH, m, CHCH2); Be (100 MHz, 
CDCh) 210.9 (C=O), 139.8 (ArC), 128.7 (ArCH), 128.2 (ArCH), 126.8 (ArCH), 80.4 
(HJCC=C), 77.9 (H3Cc{C), 57.4 (CHCHCO), 42.1 (CHCOCHz), 36.7 (HJCC=CCH), 
31.2 (CHCHzCHz), 28.0 (CHCOCHzCHz), 24.5 (CHCHzCHz), 3.72 (H3CC=C); (ii) 
Second eluting minor diastereoisomer Vma. (thin film)/cm-1 2935, 2860 (sp3 C-H), I 709 
(C=O), 1450 (C-H), 700 (Ar C-H); OH (400 MHz, CDCI)) 7.37- 7.34 (2H, m, aryl H), 
7.32-7.28 (2H, m, aryl H), 7.24-7.20 (IH, m, aryl H), 4.40-4.37 (IH, m, HJCC=CCH), 
' 
2.50-2.44 (2H, m, CHCHCO and CHCOCH2), 2.26-2.25 (IH, m, CHCOCH2), 2.06-2.01 
(2H, m, CHCH2CHz and CHCOCH2CH2), 1.90-1.87 (IH, m, CHCHzCH2), 1.86 (3H, d, J 
2.5 Hz, H3CC=C), 1.82-1.78 (1H, m, CHCH2CH2), 1.72-1.69 (IH, m, CHCOCHzCH2), 
1.55-1.52 (IH, m, CHCHzCH2); Be (100 MHz, CDCh) 210.3 (C=O), 141.2 (ArC), 128.2 · 
(Ar CH), 128.0 (Ar CH), 126.6 (Ar CH), 80.0 (H3CC=C), 78.0 (HJCC=C), 56.8 
(CHCHCO), 42.1 (CHCOCHz), 36.5 (H3CC=CCH), 28.9 (CHCHzCHz), 27.2 
(CHCOCHzCHz), 24.7 (CHCHzCHz), 3.7 (H3CC=C). 
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Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-1-phenyl-pent-4-yn-1-
one (239) 
0 
H 
0~ Ph ,,,,,,, /eo 
Co ~r?? oc/ \ 
CO oc 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-propargylium tetrafluoroborate salt (0.08 g, 0.15 mmol) and 
anhydrous DCM (10 cm3). The flask was cooled to 0°C. To the solution was then added 
4-(1-phenyl-vinyl)-morpholine (0.06 g, 0.31 mmol) as a DCM solution (2 cm3). The 
resulting solution was tl{en left to stir at 0°C for a further 2.0 h. After this time, the 
' 
reaction mixture was allowed to warm to ambient temperature. The solution was then 
filtered through a pad of celite and then concentrated under reduced pressure. The 
resulting crude residue was purified further by flash silica column chromatography (light 
petroleum/diethyl ether (7:1) elution) to yield the title complex as a dark red oil (0.05 g, 
58%). HRMS (FAB) C21H,s06CoMo-2CO, Requires (M+-2CO): 463.9356, Found (M+-
. 2CO): 463.9365 (+1.8 ppm), mlz 464 (~-2CO, 9%), 436 (~-3CO, 100%), 408 (M+-. 
4CO, 12%), 380 (~-5CO, 45%); Vmax (thin film)/cm" 1 2925 (sp3 C-H), 2045, 1992, 1882 
(Mo-C=O, Co-C=O), 1684 (C=O), 759, 743, 690 (ArC-H); ()H (400 MHz, CDCh) 7.98-
7.94 (2H, m, aryl H), 7.60-7.55 (1H, m, aryl H), 7.49-7.46 (2H, m, aryl H), 5.73 (1H, s, 
HC=C), 5.40 (5H, s, Cp H), 3.27-3.17, (4H, m, CH2CH2CO and CH2CH2CO); Be (100 
MHz, CDCb) 226.3 (Mo-C=O), 225.6 (Mo-C=O), 203.6 (Co-C=O), 198.8 (C=O), 136.7 
(Ar C), 133.2 (ArCH), 128.7 (Ar CH), 128.0 (Ar CH), 90.8 (Cp C), 90.5 (HC=C), 89.4 
(HC=C), 40.8 (CH2CH2CO), 30.3 (CH2CH2CO). 
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(+/-)-Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-3-methyl-1-
phenyl-hex-4-yn-1-one (240) 
H~ Me 0 0 
" 
--H3C · .. H3C 
0'\ Ph 0'\ Ph 1t11111 /CO or ,,,,,11 /CO Co ~"?? Co fo?{;JJ oc_..... \ oc_..... \ . CO oc CO oc 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-pent-3-yn-2-tetrafluoroborate salt (0.11 g, 0.21 mmol) and 
anhydrous DCM (10 cm3). The flask was cooled to 0°C. To the solution was then added 
4-(1-phenyl-vinyl)-morpholine (0.09 g, 0.45 mmol) as a DCM solution (2 cm3). The 
resulting solution was ,!hen left to stir at ooc for a further 2.0 h. After this time, the 
reaction mixture was allowed to warm to ambient temperature. The solution was then 
filtered through a pad of celite and then concentrated under reduced pressure. The 
resulting crude residue was purified further by flash silica column chromatography (light 
petroleum/diethyl ether (I 0: I) elution) to yield the title complex as an inseparable 
mixture of diastereoisomers as. dark red oils (0.05 g, 40%, 47% de). Assigned from 
combined spectra, HRMS (FAB) C23H1906CoMo-2CO, Requires (M+-2CO): 491.9669, 
Found (~-2CO): 491.9675 (+1.4 ppm), mlz 492 (M+-2CO, 7%), 464 (M+-3CO, 61%), 
436 (M+-4CO, 28%), 408 (~-5CO, 12%); Ymax (thin film)/cm·1 2923 (sp3 C-H), 2041, 
1968,. 1927 (Mo-c .. o, Co-c .. o), 1684 (C=O), 753, 690 (Ar C-H); (i) Major 
diastereoisomer OH (400 MHz, CDCh) 7.96-7.94 (2H, m, aryl H), 7.60-7.56 (IH, m, aryl 
H), 7.50-7.46 (2H, m, aryl H), 5.40 (5H, s, Cp H), 3.54-3.52 (IH, m, CCH(CH3)CHzCO), 
3.25-3.21 (!H, m, CCH(CH3)CH2CO), 3.01-2.91 (IH, m, CCH(CH3)CH2CO), 2.72 (3H, 
s, H3CC=C), 1.19 (3H, d, J 6.4 Hz, CCH(CH3)CHzCO); oc (lOO MHz, CDCl3) 226.5 
(Mo-C.,.O), 225.3 (Mo-C..O), 204.2 (Co-C.,.O), 198.8 (C=O), 136.9 (Ar C), 133.2 (Ar 
CH), 128.7 (ArCH), 128.1 (ArCH), 99.3 (H3CC"'C), 90.4 (Cp C), 82.9 (H3CC"'C), 47.1 
(CCH(CH3)CHzCO), 35.9 (CCH(CH3)CHzCO), 22.6 (CCH(CH3)CHzCO), 20.9 
(HJCC.,.C); (ii) Minor diastereoisomer OH ( 400 MHz, CDCh) 7.96-7.94 (2H, m, aryl H), 
7.60-7.56 (IH, m, aryl H), 7.50-7.46 (2H, m, aryl H), 5.38 (5H, s, Cp H), 3.54-3.52 (!H, 
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m, CCH(CH3)CH2CO), 3.25-3.21 (IH, m, CCH(CH3)CH2CO), 3.01-2.91 (IH, m, 
CCH(CH3)CH2CO), 2.77 (3H, s, H3CC=C), 1.25-1.22 (3H, m, CCH(CH3)CH2CO); .Se 
(100 MHz, CDCh) 226.5 (Mo-C=O), 225.3 (Mo-C=O), 204.2 (Co-C=O), 198.8 (C=O), 
136.9 (ArC), 133.2 (ArCH), 128.7 (ArCH), 128.1 (ArCH), 98.1 (HJCC=C), 90.4 (Cp 
C), 82.9 (H3CC=C), 47.5 (CCH(CH3)CH2CO), 36.0 (CCH(CH3)CH2CO), 22.1 
(CCH(CH3)CH2CO), 20.9 (H3CC=C). 
(+/-)-Cobalt tricarbonyl molybden urn dicarbonylcyclopentadienyl-3-ethyl-1-phenyl-
hex-4-yn-1-one (241) 
lj., Et 0 Et., H 0 
'<. "' 
H3C 
-:. •. 
H3C 
~\ 
0~ Ph 0~ Ph 
,,/,,,
1 
Y/co or ,,,,,,, /eo 
Co 
r/tJ) Co t/tJ) oc/ \ OC/ \ CO OC CO OC 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-hex-4-yn-3-tetrafluoroborate salt (0.19 g, 0.36 mmol) and 
anhydrous DCM (10 cm3). The'flask was cooled to 0°C. To the solution was then added 
4-(1-phenyl-vinyl)-morpholine (0.15 g, 0.79 mmol) as a DCM solution (2 cm3). The 
resulting solution was then left to stir at 0°C for a further 2.0 h. After this time, the 
reaction mixture was allowed to warm to ambient temperature. The solution was then 
filtered through a pad of celite and then concentrated under reduced pressure. The 
resulting crude residue was purified further by flash silica column chromatography (light 
petroleum/diethyl ether (I 0: I) elution) to yield the title complex as an inseparable 
mixture of diastereoisomers as dark red oils (0.04 g, 21%, 2% de). Assigned from 
combined spectra, HRMS (FAB) C24H210 6CoMo-2CO, Requires (W-2CO): 505.9826, 
Found (M+-2CO): 505.9818 (-1.5 ppm), mlz 506 (W-2CO, 5%), 478 (M+-3CO, 100%), 
450 (M+-4CO, 32%), 422 (W-5CO, 11 %); Vmax (thin film)/cm·1 2961, 2932, 2874 (sp3 C-
H), 2040, 1967, 1923 (Mo-C=O, Co-C=O), 1684 (C=O), 751, 690 (ArC-H); (i) Major 
diastereoisomer OH (400 MHz, CDCh) 7.99-7.95 (2H, m, aryl H), 7.61-7.54 (IH, m, aryl 
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H), 7.53-7.43 (2H, m, aryl H), 5.37 (5H, s, Cp H), 3.53-3.44 (IH, m, 
CCH(CH2CH3)CH2CO), 3.19-3.13 (2H, m, CCH(CH2CH3)CH2CO), 2.68 (3H, s, 
H1CC=C), 1.59-1.35 (2H, m, CCH(CH2CH3)CH2CO), 0.95 (3H, t, J 7.4 Hz, 
CCH(CH2CH1)CH2CO); lie (100 MHz, CDCl3) 226.9 (Mo-C=O), 225.7 (Mo-C=O), 
204.4 (Co-C=O), 198.8 (C=O), 136.9 (ArC), 133.1 (ArCH), 128.7 (ArCH), 128.0 (Ar 
CH), 98.8 (HJCC=C), 96.2 (HJCC=C), 90.7 (Cp C), 44.4 (CCH(CH2CH3)CH2CO), 41.4 
(CCH(CH2CH3)CH2CO), 29.7 (CCH(CH2CH3)CH2CO), 21.4 (H3CC:C), 12.5 
(CCH(CH2CH3)CH2CO); (ii) Minor diastereoisomer liH (400 MHz, CDCh) 7.99-7.95 
(2H, m, aryl H), 7.61-7.54 (1H, m, aryl H), 7.53-7.43 (2H, m, aryl H), 5.34 (5H, s, Cp H), 
3.53-3.44 (IH, m, CCH(CH2CH3)CH2CO), 3.19-3.13 (2H, m, CCH(CH2CH3)CH2CO), 
2.76 (3H, s, H1CC=C), 1.83-1.64 (2H, m, CCH(CH2CH1)CH2CO), 0.93 (3H, t, J7.5 Hz, 
CCH(CH2CH1)CH2CO}; lie (100 MHz, CDCh) 226.7 (Mo-C=O), 225.0 (Mo-C=O), 
/ 
204.4 (Co-C=O), 198.7 (C=O), 136.9 (ArC), 133.1 (ArCH), 128.7 (ArCH), 128.0 (Ar 
CH), 99.6 (HJCC=C), 96.2 (HJCC=C), 90.5 (Cp C), 44.9 (CCH(CH2CH3)CH2CO), 41.5 
(CCH(CH2CH3)CH2CO), 30.5 (CCH(CH2CH3)CH2CO), 21.4 (H3CC=C), 12.1 
(CCH(CH2CH3)CH2CO). 
(+/-)-Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-3-isobutyl-1-
phenyl-hex-4-yn-1-one (242) 
0 
Ph Ph 
or 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-2-methyl-hept-5-yn-4-tetrafluoroborate salt (0.19 g, 0.33 
mmol) and anhydrous DCM (10 cm3). The flask was cooled to 0°C. To the solution was 
then added 4-(1-phenyl-vinyl)-morpholine (0.14 g, 0.74 mmol) as a DCM solution (2 
cm\ The resulting solution was then left to stir at 0°C for a further 2.0 h. After this time, 
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the reaction mixture was allowed to warm to ambient temperature. The solution was then 
filtered through a pad of celite and then concentrated under reduced pressure. The 
resulting crude residue was purified further by flash silica column chromatography (light 
petroleum/diethyl ether (10:1) elution) to yield the title complex as an inseparable 
mixture of diastereoisomers as dark red oils (0.09 g, 45%, 7% de). Assigned from 
combined spectra, HRMS (FAB) Cz6Hz50 6CoMo-2CO, Requires (M+-2CO): 534.1389, 
Found (M+-2CO): 534.1393 (+0.8 ppm), mlz 534 (M+-2CO, 5%), 506 (M+-3CO, !00%), 
478 (M+-4CO, 29%), 450 (~-5CO, 8%); Vrnax (thin film)/cm"1 2955, 2926, 2902, 2868 
(sp3 C-H), 2040, 1967, !926 (Mo-C=O, Co-C=O), 1685 (C=O), 750, 690 (ArC-H); (i) 
Major diastereoisomer OH (400 MHz, CDCb) 7.99-7.95 (2H, m, aryl H), 7.61-7.55 (IH, 
m, aryl H), 7.51-7.44 (2H, m, aryl H), 5.37 (5H, s, Cp H), 3.70-3.60 (IH, m, 
CCH(CHzCH(CHJ)z)CHzCO), 3.28-3.16 (!H, m, CCH(CHzCH(CH3)z)CH2CO), 3.12-
2.93 (IH, m, CCH(CH{CH(CH3)2)CH2CO) 2.66 (3H, s, H3CC=C), 1.64-1.51 (IH, m, 
CHzCH(CHJ)z), 1.46-1.38 (2H, m, CH2CH(CH3)2), 0.94-0.88 (6H, m, CHzCH(CH3)2); lie 
(100 MHz, CDCl3) 226.7 (Mo-C=O), 225.6 (Mo-C=O), 204.4 (Co-C=O), 198.7 (C=O), 
136.9 (Ar C), 133.1 (Ar CH), 128.7 (Ar CH), 128.0 (Ar CH), 98.9 (H3CC=C), 97.1 
(H3CC=C), 90.6 (Cp C), 47.3 (CHzCH(CH3)2), 45.6 (CCH(CHzCH(CHJ)z)CHzCO), 37.3 
' (CCH(CH2CH(CH3)z)CH2CO),. 26.1 (CH2CH(CH3)2), 23.4 (CHzCH(CHJ)z), 21.9 
(CHzCH(CH3)2), 21.4 (HJCC=C); (ii) Minor diastereoisomer oH (400 MHz, CDCb) 7.99-
7.95 (2H, m, aryl H), 7.61-7.55 (IH, m, aryl H), 7.51-7.44 (2H, m, aryl H), 5.33 (5H, s, 
Cp H), 3.70-3.60 (IH, m, CCH(CH2CH(CH3)z)CHzCO), 3.28-3.16 (IH, m, 
CCH(CH2CH(CH3)z)CH2CO), 3.12-2.93 (IH, m, CCH(CHzCH(CH3)z)CH2CO) 2.74 (3H, 
s, H3CC=C), 1.64-1.51 (IH, m, CH2CH(CH3)2), 1.46-1.38 (2H, m, CH2CH(CH3)2), 0.94-
0.88 (6H, m, CH2CH(CH3)2); lie (100 MHz, CDCb) 227.2 (Mo-C=O), 225.0 (Mo-C=O), 
204.4 (Co-C=O), 198.5 (C=O), 136.9 (ArC), 133.1 (ArCH), 128.7 (ArCH), 128.0 (Ar 
CH), 99.7 (H3CC=C), 97.2 (H3CC=C), 90.6 (Cp C), 47.1 (CH2CH(CH3)2), 46.5 
37.3 26.3 
Heterobimetallic Alkyne Complexes and their use in Asymmetric Synthesis 211 
(+/-)-Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-1,3-diphenyl-hex-
4-yn-1-one (243) 
H,., Ph 
~ 
--•. 
0 
Ph Ph 
or 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-1-phenyl-but-2-yn-1-tetrafluoroborate salt (0.17 g, 0.30 
mmol) and anhydrous DCM (I 0 cm3). The flask was cooled to 0°C. To the solution was 
then added 4-(1-phenyl-vinyl)-morpholine (0.12 g, 0.65 mmol) as a DCM solution (2 
cm3). The resulting soh1~ion was then left to stir at ooc for a further 2.0 h. After this time, 
the reaction mixture was allowed to warm to ambient temperature. The sol uti on was then 
filtered through a pad of celite and then concentrated under reduced pressure. The 
resulting crude residue was purified further by flash silica column chromatography (light 
petroleurn/diethyl ether (10:1) elution) to yield the title complex as an inseparable 
mixture of diastereoisomers as. dark red oils (0.08 g, 42%, 63% de). Assigned from 
combined spectra, HRMS (FAB) C2sH21 0 6CoMo-2CO, Requires (M+-2CO): 553.9826, 
Found (~-2CO): 553.9822 (-0.7 ppm), mlz 554 (M+-2CO, 10%), 526 (M+-3CO, 71%), 
498 (M+-4CO, 14%), 470 (~-5CO, 32%); Vmax (thin film)/cm·1 2899 (sp3 C-H), 2041, 
1967, 1923 (Mo-0=0, Co-C=O), 1684 (C=O), 752, 735, 702, 689 (ArC-H); (i) Major 
diastereoisomer OH (250 MHz, CDCh) 7.96-7.89 (2H, m, aryl H), 7.56-7.52 (1H, m, aryl 
H), 7.48-7.41 (2H, m, aryl H), 7.33-7.16 (5H, m, aryl H), 5.13 (5H, s, Cp C), 4.59-4.53 
(IH, m, CCH(Ph)CH2), 3.81-3.71 (1H, m, CCH(Ph)CH2), 3.51-3.42 (1H, m, 
CCH(Ph)CH2), 2.74 (3H, s, H3CC=C); lie (100 MHz, CDCI3) 226.8 (Mo-C=O), 224.7 
(Mo-C=O), 203.7 (Co-C=O), 197.4 (C=O), 144.9 (ArC), 136.8 (ArC), 133.2 (ArCH), 
128.7 (ArCH), 128.3 (ArCH), 128.0 (ArCH), 126.9 (Ar CH), 100.2 (H3CC=C), 95.1 
(H3CC=C), 90.4 (Cp C), 46.6 (CCH(Ph)CH2), 45.7 (CCH(Ph)CH2), 21.1 (HlCC=C); (ii) 
Minor diastereoisomer OH (250 MHz, CDCh) 7.96-7.89 (2H, m, aryl H), 7.56-7.52 (IH, 
m, aryl H), 7.48-7.41 (2H, m, aryl H), 7.33-7.16 (5H, m, aryl H), 5.20 (5H, s, Cp C), 
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4.68-4.62 (IH, m, CCH(Ph)CH2), 3.86-3.75 (IH, m, CCH(Ph)CH2), 3.33-3.24 (IH, m, 
CCH(Ph)CH2), 2.73 (3H, s, H3CC=C); Be (100 MHz, CDCh) 226.8 (Mo-C=O), 224.7 
(Mo-C=O), 203.7 (Co-C=O), 197.5 (C=O), 143.8 (ArC), 136.8 (ArC), 133.2 (ArCH), 
128.3 (Ar CH), 128.2 (Ar CH), 127.5 (Ar CH), 126.9 (Ar CH), 99.5 (H3CC=C), 94.7 
(H3CC:C), 90.5 (CpC), 47.6 (CCH(Ph)CH2), 45.6 (CCH(Ph)CH2), 21.8 (H3CC=C). 
Dicobalt hexacarbonyl-3-methoxy-propyne (245)1<,!4•136 
H 
To a pre-dried flask waS)ldded dicobalt hexacarbonyl-prop-2-yn-1-ol (0.20 g, 0.56 mmol) 
and anhydrous DCM (20 cm3). Tetrafluoroboric acid (0.09 cm3, 1.17 mmol) was added 
slowly and the resulting solution was left to stir for 0.5 h. After this time, methanol (0.24 
cm3, 5.85 mmol) and N-ethyldiisopropylamine (0.20 cm3, 1.17 mmol) was added and the 
reaction mixture left to stir for a further 1.0 h. To the flask was added sodium hydrogen 
carbonate and anhydrous magnesium sulfate. The crude mixture was filtered through a 
pad of celite and concentrated under reduced pressure. The crude residue was purified 
further by flash silica column chromatography (light petroleurnldiethyl ether (30:1) 
elution) to yield the title compound as a dark red oil (0.08, 38%). HRMS (FAB) 
C10H607Co2, Requires (M'): 355.8778, Found (M\ 355.8787 (+2.5 ppm), mlz 356 (~, 
29%), 341 (M+-Me, 33%), 328 (M+-co, 100%), 300 (M+-2co, 95%), 272 (~-3CO, 
87%), 244 (M+-4CO, 44%), 216 (M+-5CO, 20%), 188 (M+-6CO, 9%); Vmax (thin 
film)/cm·t 2932, 2822 (sp3 C-H), 2095, 2052, 2020 (Co-C=O); oH (400 MHz, CDCh) 
6.05 (1H, s, HC=C), 4.60 (2H, s, CCH20CH3), 3.49 (3H, s, OCH3); Be (100 MHz, 
CDCh) 199.5 (Co-C=O), 90.8 (HC=CCH2), 72.8 (CCH2), 71.9 (HC=CCH2), 58.54 
(OCHJ). 
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4-Phenyl-but-3-yn-2-one (250)150 
To a pre-dried flask was added phenylacetylene (0.97 cm3, 9.77 mmol) and anhydrous 
THF (60 cm3). The solution was cooled to -78°C. n-butyllithium [1.6M soln. in 
hexanes](l2.21 cm3, 19.54 mmol) was added and the resulting solution was left to stir at-
78°C for 0.25 h. After this time, ethyl acetate (0.96 cm3, 9.77 mmol) was added quickly 
followed by boron triflouride etherate (2.73 cm3, 21.49 mmol). The resulting solution was 
left to stir for a further 1.0 h at -78°C. At this point, the solution was allowed to warm to 
room temperature. The reaction mixture was then quenched with saturated ammonium 
chloride solution (20 cl)}). The solution was transferred to a separating funnel, extracted 
with ethyl acetate, dried over anhydrous magnesium sulfate, filtered through a pad of 
celite and concentrated under reduced pressure. The crude residue was purified further by 
flash silica column chromatography (light petroleurn!diethyl ether (8:1) elution) to yield 
the title compound as a yellow oil (0.21 g, 14%). HRMS (El) CtoHsO, Requires (M'): 
144.0575, Found (M'): 144.0573 (-1.3 ppm), m/z 144 (M\ 21%), 129 (100%), 115 (5%), 
101 (5%), 77 (4%), 75 (15%), 63 (4%), 51 (9%); Ymax (thin film)/cm·1 3061,2923 (sp3 C-
H), 2203 (C=C), 1672 (C=O); cSH (400 MHz, CDCh) 7.48-7.45 (2H, m, aryl H), 7.37-7.33 
(IH, m, aryl H), 7.29-7.27 (2H, m, aryl H), 2.34 (3H, s, COCH3); cSc (lOO MHz, CDCI3) 
184.4 (C=O), 132.9 (Ar CH), 130.6 (Ar CH), 128.5 (Ar CH), 119.7 (Ar C), 90.1 
(PhC=C), 88.1 (PhC=C), 32.6 (CH3). 
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Dicobalt hexacarbonyl-4-phenyl-but-3-yn-2-one (251) 
To a pre-dried flask was added dicobalt octacarbonyl (1.03 g, 3.00 mmol) and anhydrous 
DCM (30 cm3). To this was added 4-phenyl-but-3-yn-2-one (0.43 g, 2.73 mmol) and the 
resulting solution was left to stir overnight at ambient temperature. The reaction mixture 
was then filtered through a plug of celite, concentrated under reduced pressure and then 
purified further by flash silica column chromatography (light petroleum/diethyl ether 
(5: I) to yield the title cirnpound as a dark red solid (1.23 g, quant.). mp 53-55°C; HRMS 
(FAB) C16Hs07Coz, Requires (M""): 429.8934, Found (M""): 429.8931 (0.8 ppm), m/z 429 
(W, 19%), 402 (M+-CO, 75%), 374 (M+-2CO, 87%), 346 (M+-3CO, 72%), 318 (M+-
4CO, 100%), 290 (M+-5CO, 41%); Vmax (thin film)/cm·1 2099, 2061, 2028 (Co-C=O), 
1670 (C=O); oH (250 MHz, CDCh) 7.58-7.56 (2H, m, aryl H), 7.38-7.35 (3H, m, aryl H), 
', 
2.58 (3H, s, COCH3); oc (62.5 MHz, CDCh) 201.2 (C=O), 198.1 (Co-C=O), 136.7 (Ar 
C), 129.5 (ArCH), 129.1 (ArCH), 128.7 (ArCH), 92.2 (PhC=C), 87.1 (PhC=C), 31.1 
(CHJ). 
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Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-4-phenyl-but-3-yn-2-
one (252) 
To a pre-dried flask was added molybdenum cyclopentadienyl tricarbonyl dimer (0.39 g, 
0.80 mmol) and anhydrous THF (50 cm3). To this was added carefully, K-Selectride [!M 
THF soln.](2.00 cm3, 2.00 mmol), and the reaction mixture was left to stir at ambient 
temperature for 1.0 h, during which time the solution turned from a deep purple colour to 
/ 
a yellow/orange colour. Dicobalt hexacarbonyl-4-phenyl-but-3-yn-2-one (0.69 g, 1.61 
mmol) was added and the resulting solution was refluxed for 2.5 h. After cooling, the 
reaction mixture was adsorbed onto flash silica gel and filtered through a pad of celite. 
The resulting solution was concentrated under reduced pressure and then further purified 
by !lash silica column chromatography (light petroleum/diethyl ether (5:1) elution) to 
' yield the title complex as a dark red oil (0.31 g, 76%). HRMS (FAB) C2oH1306CoMo, 
Requires (M"): 505.9103, Found (M""}: 505.9101 (-0.4 ppm), mlz 506 (M+, 15%), 478 
(~-CO, 15%), 450 (M+-2CO, 100%), 422 (~-3CO, 42%), 394 (M+-4CO, 56%), 366 
(~-5CO, 45%); Ymax (thin film)/cm'1 2056, 1991, 1947 (Mo-C=O, Co-C=O); OH (400 
MHz, CDCI)) 7.38-7.30 (4H, m, aryl H), 7.24-7.20 (!H, m, aryl H), 5.42 (5H, s, Cp H), 
2.34 (3H, s, COCH3); oc (100 MHz, CDCI)) 224.2 (Mo-C=O), 222.2 (Mo-C=O), 205.0 
(C=O), 202.5 (Co-C=O), 140.1 (ArC), 129.3 (ArCH), 128.5 (ArCH), 127.5 (ArCH), 
96.6 (PhC=C), 91.0 (Cp C), 82.9 (PhC=C), 31.2 (COCHJ). 
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Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-1-phenyl-pent-1-yn-3-
one (253) 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-4-phenyl-but-3-yn-2-one (0.17 g, 0.33 mmol) and anhydrous 
THF (15 cm3). The reaction mixture was cooled to -78°C and LHMDS [1.06 M in 
THF](0.38 cm3, 0.40 mmol) was added slowly causing the solution to darken. The 
/ 
resulting reaction mixture was left to stir at -78°C for· a further 0.75 h. After this time, 
methyl iodide (0.10 cm3, 1.68 mmol) was added and the flask was left in the card-ice bath 
and allowed to warm to ambient temperature slowly. At this point, the reaction mixture 
was quenched with methanol (5 cm3) and then filtered through a pad of celite and 
concentrated under reduced pressure. The crude residue was purified further by flash 
•, 
silica column chromatography (light petroleum/diethyl ether (5:1) elution) to yield the 
title compound as a dark red oil (0.13 g, 75%). HRMS (FAB) C2tH150 6CoMo, Requires 
(M'-2CO): 463.9361, Found (M•-2CO): 463.9354 (-0.3 ppm), mlz 520 (M\ 5%), 492 
(M•-co, 8%), 464 (M'-2co, 73%), 436 (M•-3co, 32%), 408 (M•-4co, 38%), 380 (M'-
sco, 29%); Vmax (thin film)/cm'1 2932 (sp3 C-H), 2056, 1992, 1946 (Mo-0=0, Co-C=O), 
1654 (C=O); oH (400 MHz, CDCI)) 7.37-7.21 (5H, m, aryl H), 5.41 (5H, s, Cp H), 2.71-
2.57 (2H, m, CH2), 1.15 (3H, s, CHJ); oc (100 MHz, CDCI)) 224.3 (Mo-C=O), 222.2 
(Mo-C=O), 208.4 (C=O), 203.7 (Co-C=O), 140.2 (ArC), 129.3 (ArCH), 128.4 (ArCH), 
127.4 (ArCH), 97.1 (PhC=C), 90.9 (Cp C), 82.9 (PhC=C), 35.7 (CH2), 8.7 (CHJ). 
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Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-1-phenyl-hept-6-en-1-
yn-3-one (254) 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-4-phenyl-but-3-yn-2-one (0.50 g, 0.99 mmol) and anhydrous 
THF (15 cm3). The reaction mixture was cooled to -78°C and LHMDS [1.06 M in 
THF](1.12 cm3, 1.19 mmol) was added slowly causing the solution to darken. The 
/ 
resulting reaction mixh!re was left to stir at -78°C for a further 0.75 h. After this time, 
allyl bromide (0.43 cm3, 4.96 mmol) was added and the flask was left in the card-ice bath 
and allowed to warm to ambient temperature slowly. At this point, the reaction mixture 
was quenched with methanol (5 cm3) and then filtered through a pad of celite and 
concentrated under reduced pressure. The crude residue was purified further by flash 
' 
silica column chromatography (light petroleum/diethyl ether (5: 1) elution) to yield the 
title compound as a dark red solid (0.24 g, 44%). mp 88-90°C; Found: C 50.9%, H 3.3%, 
Requires: C 50.8%, 3.2%; HRMS (FAB) C23H1106CoMo, Requires (M\ 545.9411, 
Found (M): 545.9419 (+1.3 ppm), m!z 546 (M+, 5%), 518 (M+-co, 3%), 490 (M+-2CO, 
12%), 462 (M+-3CO, 100%), 434 (M+-4CO, 25%), 406 (~-5CO, 68%); Ymax (thin 
film)/cm'1 3109, 3075, 2976, 2917 (sp3 C-H), 2055, 1992, 1946 (Mo-C=O, Co-C=O), 
1653 (C=O); OH (250 MHz, CDCb) 7.38-7.19 (5H, m, aryl H), 5.90-5.74 (lH, m, 
COCH2CH2CHCH2), 5.42 (5H, s, Cp H), 5.08-4.95 (2H, m, COCH2CH2CHCH2), 2.79-
2.60 (2H, m, COCH2CH2), 2.47-2.38 (2H, m, COCH2CH2); Se (100 MHz, CDCb) 224.2 
(Mo-C=O), 222.1 (Mo-C=O), 206.6 (C=O), 202.5 (Co-C=O), 140.0 (Ar C), 137.2 
(COCH2CH2CHCH2), 129.3 (Ar CH), 128.4 (Ar CH), 127.4 (Ar CH), 115.4 
(COCH2CH2CHCH2), 97.0 (PhC=C), 90.9 (Cp C), 82.6 (PhC=C), 42.8 (COCH2CH2), 
28.7 (COCH2CH2). 
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(+/-)-Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-4-methyl-1-
phenyl-hept-6-en-1-yn-3-one (255) 
0 
or 
Method A 
To a pre-dried flask was added cobalt tricarbonyl 
dicarbonylcyclopentadienyl-1-phenyl-pent-1-yn-3-one (0.12 g, 0.23 
molybdenum 
mmol) and 
anhydrous THF (15 cm). The reaction mixture was cooled to -78°C and LHMDS (1.06 
M in THF](0.31 cm3, 0.33 mmol) was added slowly causing the solution to darken. The 
resulting reaction mixture was left to stir at -78°C for a further 0.75 h. After this time, 
allyl bromide (0.10 cm3, 1.17 mmol) was added and the flask was left in the cardice bath 
and allowed to warm to ambient temperature slowly. At this point, the reaction mixture 
was quenched with methanol (5 cm3) and then filtered through a pad of celite and then 
concentrated under reduced pressure. The crude residue was purified further by flash 
silica column chromatography (light petroleurn/diethyl ether (6:1) elution) to yield the 
title compound as a dark red oil (O.OJ g, 20%, 34% de) 
MethodB 
To a pre-dried flask was . added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-1-phenyl-hept-6-en-1-yn-3-one (0.15 g, 0.28 mmol) and 
anhydrous THF (15 cm3). The reaction mixture was cooled to -78°C and LHMDS (1.06 
M in THF](0.36 cm3, 0.39 mmol) was added slowly causing the solution to darken. The 
resulting reaction mixture was left to stir at -78°C for a further 0.75 h. After this time, 
methyl iodide (0.09 cm3, 1.38 mmol) was added and the flask was left in the cardice bath 
and allowed to warm to ambient temperature slowly. At this point, the reaction mixture 
was quenched with methanol (5 cm3) and then filtered through a pad of celite and then 
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concentrated under reduced pressure. The crude residue was purified further by flash 
silica column chromatography (light petroleum/diethyl ether (6:1) elution) to yield the 
title compound as a dark red oil (0.06 g, 37%, 46% de). Assigned from combined spectra, 
HRMS (FAB) Cz4H1906CoMo, Requires (M}: 559.9568, Found (M): 559.9558 (+1.7 
ppm), mlz 560 (M', 8%), 532 (M'-co, 5%), 504 (M'-2CO, 29"/o), 476 (M'-3CO, 100%), 
448 (M+-4CO, 63%), 420 (M+-5CO, 92%); Vmax (thin film)/cm·1 3057, 2967, 2925, 2847 
(sp3 C-H), 2055, 1992, 1949 (Mo-C=O, Co-C=O), 1648 (C=O), 739, 696 (ArC-H); llH 
(250 MHz, CDC13) 7.40-7.18 (5H, m, aryl H), 5.79-5.58 (IH, m, 
COCH(CH3)CHzCHCH2), 5.42 (5H, s, Cp H), 5.10-4.97 (2H, m, 
COCH(CH3)CHzCHCH2), 2.94-2.83 (IH, m, COCH(CHJ)CHzCHCHz), 2.53-2.38 (IH, 
m, COCH(CH3)CH2CHCHz), 2.20-2.05 (IH, m, COCH(CH3)CH2CHCHz), 1.16 (3H, d, J 
6.7 Hz, COCH(CH3)CHzCHCH2, I" isomer), 1.10 (3H, d, J 6.7 Hz, 
COCH(CH3)CH2CHCHi 2"d isomer)[Note all 1H NMR signals of both diastereoisomers 
are impossible to differentiate apart from the CH3 signals shown as doublets]; llc (100 
MHz, CDCh)(l '' Diastereoisomer) 224.5 (Mo-C=O), 222.0 (Mo-C=O), 211.0 (C=O), 
203.3 (Co-C=O), 140.0 (ArC), 135.8 (COCH(CH3)CHzCHCH2), 129.5 (ArCH), 127.4 
(Ar CH), 128.2 (Ar CH), 117.0 (COCH(CH3)CH2CHCH2), 90.8 (Cp C), 46.7 
(COCH(CHJ)CHz), 38.3 (COCH(CHJ)CH2CHCHz), 17.9 (COCH(CHJ)CHz); llc (100 
MHz, CDCb)(2"d Diastereoisomer) 224.7 (Mo-C=O), 221.9 (Mo-C=O), 211.3 (C=O), 
203.3 (Co-C=O), 140.0 (ArC), 136.0 (COCH(CHJ)CHzCHCHz), 129.3 (ArCH), 127.4 
(Ar CH), 128.2 (Ar CH), 117.0 (COCH(CHJ)CHzCHCHz), 90.9 (Cp C), 46.8 
(COCH(CH3)CHz), 38.6 (COCH(CHJ)CHzCHCHz), 17.4 (COCH(CHJ)CHz). [Note 
Quaternary alkyne carbons were not visible and are therefore not assigned] 
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Dicobalt hexacarbonyl-but-3-yn-2-one (256) 
To a pre-dried flask was added dicobalt hexacarbonyl-but-3-yn-2-ol (2.75 g, 7.72 mmol), 
dimethyl sulfoxide (1.20 cm3, 16.98 mmol) and anhydrous DCM (60 cm3). The solution 
was cooled to -78°C. Oxalyl chloride (0.74 cm3, 8.49 mmol) was then added drop wise 
ensuring the temperature stayed at -78°C. After complete addition of the oxalyl chloride, 
the reaction was allowed to warm to -60°C. At this temperature, triethylamine (5.38 cm3, 
. 38.59 mmol) was adde.cVand the reaction mixture was then allowed to warm to ambient 
temperature. The reaction mixture was transferred to a separating funnel and washed with 
distilled water (3x40 cm3), saturated copper sulfate solution ( 4x40 cm3), saturated sodium 
hydrogen carbonate solution ( 4x40 cm3) and more distilled water ( 4x40 cm3). The 
resulting organic layer was dried over anhydrous magnesium sulfate, filtered through a 
pad of celite and concentrated 'under reduced pressure. The crude residue was purified 
further by flash silica column chromatography (light petroleum/diethyl ether (5: 1) 
elution) to yield the title compound as a dark red oil (2.48 g, 91%). HRMS (FAB) 
C10H40 7Coz, Requires (M++H): 354.8699, Found (M++H): 354.8693 (-1.9 ppm), m!z 355 
(~+H, 19%), 354 (M+, 5%), 326 (M+-CO, 41%), 298 ~-2CO, 44%), 270 (M+-3CO, 
48%), 242 (M+-4CO, 35%), 214 (M+-5CO, 27%), 186 (M+-6CO, 19%); Vmax (thin 
film)/cm· 1 2102, 2060, 2029 (Co-C=O), 1675 (C=O); ou (250 MHz, CDCb) 6.24 (IH, s, 
HC=C), 2.48 (3H, s, CH3); oc (62.5 MHz, CDCb) 200.2 (C=O), 198.0 (Co-C=O), 86.0 
(HC=C), 73.2 (HC=C), 31.4 (CH3). 
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Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-but-3-yn-2-one (257) 
To a pre-dried flask was added molybdenum cyclopentadienyl tricarbonyl dimer (0.85 g, 
1.74 mmol) and anhydrous THF (50 cm3). To this was added carefully, K-Selectride [!M 
THF soln.](4.36 cm3, 4.36 mmol), and the reaction mixture was left to stir at ambient 
temperature for 1.0 h, during which time the solution turned from a deep purple colour to 
a yellow/orange colour. Dicobalt hexacarbonyl-but-3-yn-2-one (1.23 g, 3.49 mmol) was 
added and the resultin~solution was refluxed for 2.5 h. After cooling, the reaction 
mixture was adsorbed 'onto flash silica gel and filtered through a pad of celite. The 
resulting solution was concentrated under reduced pressure and then further purified by 
flash silica column chromatography (light petroleum/diethyl ether (6:1) elution) to yield 
the title complex as a dark red solid (0.54 g, 36%). mp 78-80°C; Found: C 39.6%, 2.2%, 
Requires: 39.3%, H 2.1%; HJ.,Th1S (FAB) C14H906CoMo, Requires (M'): 429.8785, 
Found (M'): 429.8785 (0 ppm), mlz 430 (M', 23%), 402 (M'-CO, 47%), 374 (M'-2CO, 
lOO%), 346 (M+-3co, 63%), 318 (M+-4CO, 36%), 290 (M+-sco, 38%); oH (250 MHz, 
CDCh) 5.78 (IH, s, HC"'-C), 5.43 (5H, s, Cp H), 2.32 (3H, s, CH3); 8c (62.5 MHz, 
CDCh) 223.0 (Mo-C"'-0), 222.8 (Mo-C"'-0), 204.1 (C=O), 203.0 (Co-C"'-0), 90.6 (Cp C) 
78.9 (HC"'-C), 78.4 (HC"'-C), 30.8 (CH3). 
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Dicobalt heptacarbonyl triphenylphoshine (265) 76•140 
CO CO 
oc-.....1 1/co 
Co-Ca 
oc/1 ~~ 
~P.~ 
Vt' ~ 
=-
To a pre-dried flask was added dicobalt octacarbonyl (5.00 g, 14.62 mmol) and 
anhydrous THF (50 cm3). In a separate pre-dried flask was added triphenylphosphine 
(3.65 g, 13.92 mmol) and anhydrous THF (20 cm3). The second solution was then added . 
slowly to the cobalt solution at ambient temperature, the first flask having been wrapped 
in tin foil. After additi6n, the reaction mixture was left to stir for a further 0.5 h at 
ambient temperature. The reaction mixture was adsorbed onto neutral alumina and 
purified by flash silica column chromatography (100% hexane and then hexane/diethyl 
ether (9: I) elution) under a nitrogen atmosphere, to yield the title compound as a dark 
brown solid (4.22 g, 53%). Decomp >350°C; Found: C 52.4%, H 2.6%, Requires: C 
53.65%, H 2.7%; HRMS (FAih CzsH150 1PCoz, Requires (M+-3CO): 491.9372, Found 
(M+-3CO): 491.9365 (-1.4 ppm), mlz 492 (M+-3CO, 100%), 464 (M+-4CO, 13%), 436 
~-5CO, 45%), 408 (M+-6CO, 97%), 380 (M+-7CO, 26 %); Ymax (thin film)/cm'1 2076, 
2029, 1992, 1968, 1954 (Co-C=O), 746, 706, 690 (ArC-H); OH (250 MHz, CDCI3) 7.49-
7.41 (ISH, m, aryl H); Be (62.5 MHz, CDCb) 200.8 (Co-C=O), 172.0 (ArC), 133.0 (2C, 
d, 2Jcp 10Hz, ArCH), 131.1 (ArCH), 128.9 (2C, d, 3Jcp 9Hz, ArCH); op (100.1 MHz, 
CDCb) 65.0 (Co-P). 
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(+/-)-Dicobalt pentacarbonyltriphenylphosphine-but-3-yn-2-ol (207)123d,IJO 
or 
To a pre-dried flask was added dicobalt heptacarbonyl triphenylphosphine (0.40 g, 0.69 
mmol) and chloroform (1S cm\ To this was added but-3-yn-2-ol (O.OS cm3, 0.63 mmol) 
and the resulting solution was warmed to 60°C for O.S h. After this time, the reaction was 
cooled to ambient temperature, filtered through a pad of celite and concentrated under 
reduced pressure. The resulting crude residue was purified further by flash silica column 
chromatography (light ~;troleurn/diethyl ether (S:I) elution) to yield the title complex as 
a separable mixture of diastereoisomers as dark red solids (0.29g, 79%, 2I% de). (i) First 
eluting major diastereoisomer, mp I20-I22°C [Lit. 4S-46°C]; Found: C S4.9%, H 3.6%, 
Requires: C S4.9%, H 3.6%; HRMS (FAB) C27H2t06PCo2-2CO, Requires (M+-2CO): 
S33.9842, Found (M+-2CO): S33.9833 (-1.7 ppm), mlz S34 (M+-2CO, 22%), S06 (M+-
3CO, 38%), 478 (M+-4CO, 48ro), 4SO (M+-sco, IOO%), 433 (M+-sco-OH, I6); vm,. 
(thin film)/cm"1 344S (OH), 30S9, 2976, 2926 (sp3 C-H), 2093, 2060, 2003, I96I (Co-
C=O), 744, 69S (ArC-H); ou (400 MHz, CDCb) 7.S1-7.40 (ISH, m, aryl H), S.12 (IH, d, 
J3.S Hz, HC=C), 3.88 (IH, app. pent., J 6.3 Hz and J' 6.3 Hz, CCH(OH)CH3), 1.46 (IH, 
d, J 6.6 Hz, OH), 1.09 (3H, d, J 6.2 Hz, CCH(OH)CH3); oc (IOO MHz, CDCl3) 20S.8 
(Co-C=O), 204.8 (Co-C=O), 201.6 (Co-C=O), 134.3 (IC, d, 1Jcp 4I Hz, Ar C), 132.9 
(2C, d, 2Jcp I1 Hz, ArCH), 130.4 (IC, d, 4Jcp 2Hz, ArCH), I28.6 (2C, d, 3Jcp IO Hz, Ar 
. CH), 97.6 (HC=C), 71.2 (HC=C), 67.I (CCH(OH)CH3), 26.3 (CCH(OH)CH3); op (10I 
MHz, CDCb) S4.! (Co-P); (ii) Second eluting minor diastereoisomer, mp 127-I29°C 
[Lit. 87-88°C]; Vmax (thin film)/cm·1 344S (OH), 3060, 2976, 2926 (sp3 C-H), 2060, 2003, 
I9S8 (Co-C=O), 743, 694 (ArC-H); ou (2SO MHz CDCb) 7.SI-7.42 (ISH, m, aryl H), 
S.24 (1H, dd, J 0.8 Hz and J' 4.4 Hz, HC=C), 4.02-3.93 (IH, m, CCH(OH)CH3), 1.30 
(3H, d, J 6.4 Hz, CCH(OH)CHJ), 1.22 (IH, d, J 4.4 Hz, OH); oc (62.S MHz, CDCb) 
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205.7 (Co-C==O), 204.8 (Co-C==O), 201.5 (Co-C==O), 134.5 (1C, d, 1Jcp 41 Hz, Ar C), 
132.8 (2C, d, 2Jcp 11Hz, ArCH), 130.4 (IC, d, 4Jcp 2Hz, ArCH), 128.5 (2C, d, 3Jcp 10 
Hz, ArCH), 97.2 (HC==C), 71.7 (HC==C), 67.6 (CCH(OH)CH3), 24.8 (CCH(OH)CH3); op 
(101 MHz, CDCb) 53.3 (Co-P). 
(+/-)-Dicobalt pentacarbonyltriphenylphosphine-4-methyl-pent-1-yn-3-ol (266) 
or 
To a pre-dried flask waS' added dicobalt heptacarbonyl triphenylphosphine (0.40 g, 0.69 
mmol) and ,chloroform (15 cm\ To this was added 4-methyl-pent-1-yn-3-ol (0.07 cm3, 
0.63 mmol) and the resulting solution was warmed to 60°C for 0.5 h. After this time, the 
reaction was cooled to ambient temperature, filtered through a pad of celite and 
concentrated under reduced pressure. The resulting crude residue was purified further by 
flash silica column chromatography (light petroleurn/diethyl ether (3:1) elution) to yield 
the title complex as a separable mixture of diastereoisomers as dark red solids (0.20 g, 
59%, 70% de). (i) First eluting major diastereoisomer, mp 120-122°C; Found: C 56.5%, 
H 4.1%, Requires: C 56.3%, H 4.1%; HRMS (FAB) C29H2506PCo2, Requires (M}: 
618.0053, Found (M}: 618.0041 (-2.0 ppm), mlz 618 (M\ 1%), 601 (M+-OH), 590 (M+-
CO, 1%), 573 (M+-CO-OH, 2%), 562 (~-2CO, 13%), 545 (~-2CO-OH, 2%), 534 (~-
3CO, 18%), 517 (M+-3CO-OH, 4%), 506 (M+-4CO, 50%), 489 (M+-4CO-OH, 1%), 478 
(~-5CO, 100%), 461 (~-5CO-OH, 7%); Vmax (thin film)/cm'1 3058, 2957, 2921, 2868 
(sp3 C-H), 2060, 1999, 1960 (Co-C==O), 742, 694 (ArC-H); oH (250 MHz, CDCb) 7.52-
7.41 (ISH, m, aryl H), 5.22 (!H, d, J 3.9 Hz, HC==C), 3.00-2.93 (!H, m, 
CCH(OH)CH(CH3)2), 1.47 (!H, d, J 6.9 Hz, OH), 1.37-1.26 (!H, m, 
CCH(OH)CH(CH3)2), 0.86 (3H, d, J 6.6 Hz, CCH(OH)CH(CH3)2), 0.47 (3H, d, J 6.6 Hz, 
CCH(OH)CH(CH3)2); Be (62.5 MHz, CDCb) 205.9 (Co-C==O), 202.0 (Co-C==O), 134.5 
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(IC, d, 1Jcp 42Hz, ArC), 133.2 (2C, d, 2JcP !I Hz, ArCH), 130.6 (IC, d, 4Jcp 2Hz, Ar 
3 . 
CH), 128.8 (2C, d, Jcp 10Hz, ArCH), 95.7 (HC=C), 77.8 (CCH(OH)CH(CHJ)z), 72.8 
(HC=C), 36.7 (CCH(OH)CH(CHJ)z), 20.4 (CCH(OH)CH(CHJ)z), 19.0 
(CCH(OH)CH(CHJ)z); op (101 MHz, CDCh) 54.3 (Co-P); (ii) Second eluting minor 
diastereoisomer Vmax (thin film)/cm-1 3056, 2957, 2923, 2868 (sp3 C-H), 2060, 2004, 
1959 (Co-C=O), 743, 694 (ArC-H); OH (400 MHz, CDCh) 7.50-7.39 (ISH, m, aryl H), 
5.28 (IH, d, J 3.9 Hz, HC=C), 3.99-3.96 (IH, m, CCH(OH)CH(CHJ)z), 1.57~1.46 (IH, 
m, CCH(OH)CH(CHJ)z), 1.38 (IH, d, J 4.8 Hz, OH), 0.87 (3H, d, J 6.6 Hz, 
CCH(OH)CH(CHJ)z), 0.66 (3H, d, J 6.6 Hz, CCH(OH)CH(CH3)z); Se (I 00 MHz, CDCh) 
I 2 . 201.5 (Co-C=O), 134.7 (IC, d, Jcp 41 Hz, ArC), 133.1 (2C, d, Jcp 11 Hz, ArCH), 
130.3 (Ar CH), 128.5 (2C, d, 3Jcp 10 Hz, Ar CH), 93.5 (HC=C), 78.1 
(CCH(OH)CH(CHJ)z), 73.9 (HC=C), 35.0 (CCH(OH)CH(CHJ)z), 20.2 
/ (CCH(OH)CH(CHJ)z), 17.5 (CCH(OH)CH(CH3)z); op (101 MHz, CDCh) 51.4 (Co-P). 
(+/-)-Dicobalt pentacarbonyltriphenylphosphine-1-phenyl-prop-2-yn-1-ol 
(208)12Jd,l30,141 
or 
H 
oc"-
co~--"' 
Ph3P/ \ 
CO 
To a pre-dried flask was added dicobalt heptacarbonyl triphenylphosphine (0.50 g, 0.87 
mmol) and chloroform (20 cm3). To this was added 1-phenyl-prop-2-yn-1-ol [tech. grade, 
85%](0.11 cm3, 0.93 mmol) and the resulting solution was warmed to 60°C for 0.5 h. 
After this time, the reaction was cooled to ambient temperature, filtered through a pad of 
celite and concentrated under reduced pressure. The resulting crude residue was purified 
further by flash silica column chromatography (light petroleurn!diethyl ether (5:1) 
elution) to yield the title complex as a separable mixture of diastereoisomers as dark red 
solids (0.36 g, 70%,44% de). (i) First eluting major diastereoisomer, mp 149-15!°C [Lit. 
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I44-I46°C]; HRMS (FAB) C32H230 6PCo2-2CO, Requires (M+-2CO): S9S.9998, Found 
(M+-2CO): S9S.9990 (-l.S ppm), m!z S96 (~-2CO, S%), S68 (M+-3CO, IO%), S40 (M+-
4CO, I8%), SI2 (M+-sco, 97%); Ymax (thin film)/cm·1 2062,2009, I96I (Co-C=O), 734, 
69S (ArC-H); oH (2SO MHz, CDCh) 7.S9-7.47 (ISH, m, aryl H), 7.I6-7.1I (3H, m, aryl 
H), 6.92-6.89 (2H, m, aryl H), S.13 (IH, d, J 3.0 Hz, HC=C), 4.84 (IH, d, J S.8 Hz, 
CCH(OH)Ph), 2.06 (IH, d, J S.8 Hz, OH); oc (62.S MHz, CDCh) 20S.S (Co-C=O), 204.6 
(Co-C=O), 200.7 (Co-C=O), I44.9 (ArC), I34.3 (IC, d, 1Jcr 4I Hz, ArC), 133.0 (2C, d, 
2Jcr I I Hz, Ar CH), 130.4 (I C, d, 4Jcr 2 Hz, Ar CH), I28.6 (2C, d, 3 Jcr I 0 Hz, Ar CH), 
I28.8 (Ar CH), I26.9 (Ar CH), 124.6 (Ar CH), 98.I6 (HC=C), 72.S (HC=C), 72.2 
(CCH(OH)Ph); or (IOI MHz, CDCh) S3.3 (Co-P); (ii) Second eluting minor 
diastereoisomer Ymax (thin film)/cm·' 2063, 2007, I962 (Co-C=O); OH (2SO MHz, CDCh) 
7.S8-7.43 (ISH, m, aryl H), 7.2S-7.20 (SH, m, aryl H), S.38 (IH, dd, J 0.7 Hz and J' 4.9 
/ 
Hz, HC=C), S.07 (IH, d, J 3.S Hz, CCH(OH)Ph), 1.64 (IH, d, J 3.7 Hz, OH); 8c (lOO 
MHz, CDCh) 20S.4 (Co-C=O), 201.2 (Co-C=O), I44.S (ArC), 13S.2 (IC, d, 1Jcr 40Hz, 
ArC), 133.4 (2C, d, 2Jcr II Hz, Ar CH), I30.8 (I C, d, 4Jcr, 2Hz, ArCH), I29.0 (2C, d, 
3Jcr 10 Hz, Ar CH), I28.4 (Ar CH), I27.8 (ArCH), I26.3 (Ar CH), 97.0 (HC=C), 74.6 
(CCH(OH)Ph), 73.0 (HC=C). , 
(+/-)-Dicobalt pentacarbonyltriphenylphosphine-3,4,4-trimethyl-pent-1-yn-3-ol 
(267) 
or 
To a pre-dried flask was added dicobalt heptacarbonyl triphenylphosphine (0.50 g, 0.87 
mmol) and chloroform (40 cm3). To this was added 3,4,4-trimethyl-pent-I-yn-3-ol (0.12 
cm3, 0.83 mmol) and the resulting solution was warmed to 60°C for 0.5 h. After this time, 
the reaction was cooled to ambient temperature, filtered through a pad of celite and 
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concentrated under reduced pressure. The resulting crude residue was purified further by 
flash silica column chromatography (light petroleum/diethyl ether (3: 1) elution) to yield 
the title complex as an inseparable mixture of diastereoisomers as a dark red oil (0.29 g, 
47%, 30% de). Assigned from combined spectra, HRMS (FAB) C31H2906PCo2-2CO, 
Requires (M+-2CO): 590.0468, Found (~-2CO): 590.0457 (-1.7 ppm), m/z 590 (M+-
2CO, 20%), 562 (M+-3CO, 8%), 534 (M+-4CO, 90%), 506 (M+-5CO, 100%); Vmax (thin 
film)/cm·1 3445 (OH), 2980, 2873 (sp3 C-H), 2090, 2058, 1994, 1962 (Co-C=O), 744, 
695 (ArC-H); (i) Major diastereoisomer oH (400 MHz, CDC13) 7.48-7.42 (15H, m, aryl 
H), 5.36 (IH, d, J 7.0 Hz, HC=C), 1.51 (3H, s, CCCH3(0H)C(CH3)3), 0.91 (9H, s, 
CCCHJ(OH)C(CHJ)J); lie (100 MHz, CDCh) 204.2 (Co-C=O), 135.2 (1C, d, 1Jcp 38Hz, 
ArC), 133.2 (2C, d, 2JcP 11 Hz, ArCH), 130.1 (1C, d, 4Jcp 2Hz, ArCH), 128.5 (2C, d, 
3Jcp 10 Hz, Ar CH), 78.1 (HC=C), 75.1 (HC=C), 65.7 (CCCH3(0H)C(CHJ)J), 39.4 
(CCCHJ(OH)C(CHJ)J)/28.8 (CCCH3(0H)C(CH3)3), 26.5 (CCCHJ(OH)C(CHJ)J); Op 
(101 MHz, CDCh) 47.9 (Co-P); (ii) Minor diastereoisomer OH (400 MHz, CDCh) 7.48-
7.42 (15H, m, aryl H), 5.55 (lH, d, J7.6 Hz, HC=C), 1.52 (3H, s, CCCHJ(OH)C(CH3)3), 
1.06 (9H, s, CCCH3(0H)C(CH3) 3); 8c (100 MHz, CDCh) 204.2 (Co-C=O), 135.1 (1C, d, 
1Jcp 36Hz, ArC), 133.4 (2C, d, 2Jcp 12Hz, ArCH), 130.0 (1C, d, 4JCP 1 Hz, ArCH), 
' 
128.3 (2C, d, 3Jcp 10 Hz, Ar eH), 79.4 (HC=C), 78.1 (HC=C), 65.7 
(CCCHJ(OH)C(CHJ)J), 39.3 (CCCHJ(OH)C(CHJ)J), 29.0 (CCCHJ(OH)C(CHJ)J), 26.3 
(CCCHJ(OH)C(CH3)3); lip (101 MHz, CDCh) 44.6 (Co-P). 
(+/-)-4-(1-Hydroxy-ethyl)tricyclo[S.2.1.0)deca -4,8-dien-3-one (271) 
or 
Me 
To a pre-dried flask was added dicobalt heptacarbonyl triphenylphosphine (0.06 g, 0.10 
mmol) and 1,2-dimethoxyethane/toluene (1:1, 5 cm3) CO saturated solution. To this was 
then added norbornadiene (0.51 cm3, 5.00 mmol) and but-3-yn-2-ol (0.08 cm3, 1.00 
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mmol). The temperature was then raised to 65°C and the flask flushed with CO so that 
the solution was under a CO atmosphere. The reaction mixture was left at 65°C until the 
disappearance of the dicobalt heptacarbonyl triphenylphosphine by TLC (approx 8.5 h). 
The reaction mixture was then cooled to ambient temperature, filtered through a pad of 
celite and concentrated under reduced pressure. The crude residue was then purified 
further by flash silica column chromatography (light petroleum/diethyl ether (2:1) 
elution) to yield the title compound as an inseparable mixture of diastereoisomers as a 
yellow oil (0.13 g, 69%, 5% de). Assigned from combined spectra, HRMS (El) CtzHt402, 
Requires (M'): 190.09938, Found (M'): 190.09909 (-1.5 ppm), mlz 190 (M+, 8%), 172 
(100%), 157 (17%), 144 (36%), 129 (84%), 124 (10%), 155 (21%), 107 (25%), 91 (23%), 
66 (96%); Ymax (thin film)/cm"1 34Z7 (OH), 3059, 2971, 2875 (sp3 C-H), 1684 (C=O); (i) 
First eluted diastereoisomer oH (400 MHz, CDCI3) 7.31-7.29 (1H, m, 
COC(CH(OH)CHl)CH)(6.28 (IH, dd, J 3.1 Hz and J' 5.6 Hz, COCHCHCHCHCH), 
6.19 (IH, dd, J 3.0 Hz and J' 5.6 Hz, COCHCHCHCHCH), 4.60-4.56 (IH, m, 
CCH(OH)CH3), 3.01 (IH, br. s, OH), 2.90 (IH, br. s, COCHCHCH), 2.75-2.74 (IH, m, 
COC(CH(OH)CH3)CHCH), 2.69-2.69 (IH, m, COCHCHCHCHCH), 2.33-2.31 (IH, m, 
COCHCH), 1.36-1.35 (IH, m, CH2), 1.37 (3H, d, J 6.5 Hz, CCH(OH)CH3), 1.20 (IH, d, 
J 9.4 Hz, CH2); lie (100 MHi; CDCh) 210.0 (C=O), 158.1 (COC(CH(OH)CH3)CH), 
152.8 (COC(CH(OH)CH3)CH), 138.5 (COCHCHCHCHCH), · 137.0 
(COCHCHCHCHCH), 63.7 (COC(CH(OH)CH3)CH), 53.3 (COCHCH), .47.7 
(COC(CH(OH)CH3)CHCH), 43.6 (COCHCH), 42.8 (COCHCHCHCHCH), 41.1 (CHz), 
21.6 (COC(CH(OH)CHJ)CH); (ii) Second eluted diastereoisomer OH (400 MHz, CDCh) 
7.31-7.30 (IH, m, COC(CH(OH)CH3)CH), 6.29 (IH, dd, J 3.0 Hz and J' 5.6 Hz, 
COCHCHCHCHCH), 6.20 (IH, dd, J 3.0 Hz and J' 5.6 Hz, COCHCHCHCHCH), 4.64-
4.59 (IH, m, CCH(OH)CH3), 2.92 (2H, br. s, COCHCHCH and OH), 2.76 (1H, br. s, 
COC(CH(OH)CH3)CHCH), 2.70 (IH, br. s, COCHCHCHCHCH), 2.34-2.33 (IH, m, 
COCHCH), 1.41-1.40 (IH, m, CH2), 1.39 (3H, d, J 6.5 Hz, CCH(OH)CH3), 1.27-1.24 
(IH, m, CH2); lie (100 MHz, CDCh) 210.1 (C=O), 158.1 (COC(CH(OH)CH3)CH), 152.8 
(COC(CH(OH)CH3)CH), 138.5 (COCHCHCHCHCH), 137.1 (COCHCHCHCHCH), 
63.7 (COC(CH(OH)CH3)CH), 53.3 (COCHCH), 47.7 (COC(CH(OH)CH3)CHCH), 43.6 
(COCHCH), 42.9 (COCHCHCHCHCH), 41.1 (CH2), 21.5 (COC(CH(OH)CHJ)CH). 
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(+I-)-4-( 1-Hydroxy-2-m eth yl-propyl)tricyclo! 5.2.1.0 I deca-4,8-dien-3-o ne (270) 
OH or OH 
... ,,,,,fpr 
H H H 
To a pre-dried flask was added dicobalt heptacarbonyl triphenylphosphine (0.06 g, 0.10 
mmol) and I ,2-dimethoxyethane/toluene (!:I, 5 cm3) CO saturated solution. To this was 
then added norbomadiene (0.51 cm3, 5.00 mmol) and 4-methyl-pent-1-yn-3-ol (0.11 cm3, 
1.00 mmol). The temperature was then raised to 65°C and the flask flushed with CO so 
that the solution was under a CO atmosphere. The reaction mixture was left at 65°C until 
the disappearance of th,c;,.dicobalt heptacarbonyl triphenylphosphine by TLC (approx 8.5 
h). The reaction mixture was then cooled to ambient temperature, filtered through a pad· 
of celite and concentrated under reduced pressure. The crude residue was then purified 
further by flash silica column chromatography (light petroleum/diethyl ether (2: I) 
elution) to yield the title compound as a separable mixture of diastereoisomers as a 
yellow oil (0.11 g, 50%,12% Q.e). (i) First eluting minor diastereoisomer, HRMS (El) 
Ct4Hts02, Requires (M+): 218.1306, Found (M}: 218.1311 (+2.3 ppm), m/z 218 (M+, 
4%), 200 (58%), 191 (18%), 175 (29%), 157 (26%), 147 (45%), 129 (39%), 109 (62%), 
91 (38%), 77 (23%), 66 (100%); Vmax (thin film)/cm- 1 3429 (OH), 3061, 2965, 2874 (sp3 
C-H), 1678 (C=O); 8H (400 MHz, CDCI)) 7.27 (!H, dd, J 0.4 Hz and J' 2.8 Hz, 
COC(CH(OH)CH(CH3)2)CH), 6.29 (!H, dd, J 2.8 Hz and J' 5.6 Hz, 
COCHCHCHCHCH), 6.20 (!H, dd, J 3.2 Hz and J' 5.6 Hz, COCHCHCHCHCH), 4.13 
(IH, d, J 6.0 Hz, CCH(OH)CH(CH3)2), 2.92 (IH, br. s, COCHCH), 2.78-2.76 (IH, m, 
COC(CH(OH)CH(CH3)2)CHCH), 2.71 (!H, br. s, COCHCHCHCHCH), 2.32 (IH, dt, J 
1.2 Hz and J' 4.8 Hz, COCHCH), 1.95 (IH, app. sex.; J 6.8 Hz, CCH(OH)CH(CH3)2), 
1.40 (IH, dt, J !.4Hz, andJ' 9.2 Hz, CH2), 1.26 (IH,d, J9.2 Hz, CH2), 0.92-0.88 (6H, 
m, CCH(OH)CH(CH3) 2), OH signal not visible; 8c (100 MHz, CDCl3) 210.3 (C=O), 
160.2 (COC(CH(OH)CH(CH3)2)CH), 150.4 (COC(CH(OH)CH(CH3)2)CH), 138.5 
(COCHCHCHCHCH), !37.0 (COCHCHCHCHCH), 73.73 (CCH(OH)CH(CH3)2), 53.3 
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(COCHCH), 48.0 (COC(CH(OH)CH(CH3)2)CHCH), 43.6 (COCHCH), 42.9 
(COCHCHCHCHCH), 41.3 (CHz), 32.9 (CCH(OH)CH(CH3)z), 19.1 
(CCH(OH)CH(CHJ)z), 17.3 (CCH(OH)CH(CH3)z); (ii) Second eluted major 
diastereoisomer, Vmax 3442 (OH), 3062, 2967, 2873 (sp3 C-H), 1688 (C=O); OH (400 
MHz, CDCh) 7.30 (1H, dd, J0.4 Hz and J' 2.4 Hz, COC(CH(OH)CH(CH3)z)CH), 6.29 
(1H, dd, J 3.2 Hz and J' 5.6 Hz, COCHCHCHCHCH), 6.20 (IH, dd, J 3.0 Hz and J' 5.2 
Hz, COCHCHCHCHCH), 4.17 (1H, t, J 5.6 Hz, CCH(OH)CH(CH3)z), 2.91 (1H, br. s, 
COCHCH), 2.77-2.74 (2H, m, COC(CH(OH)CH(CHJ)z)CHCH and OH), 2.71 (IH, br. s, 
COCHCHCHCHCH), 2.33 (IH, dt, J 1.2 Hz and J' 4.8 Hz, COCHCH), 1.94 (1H, app. 
sex., J 6.2 Hz, CCH(OH)CH(CH3)2), 1.41 (IH, dt, J 1.4 Hz, and J' 9.6 Hz, CH2), 1.28 
(1H,d, J 9.6 Hz, CH2), 0.90 (6H, dd, J 0.8 Hz and J' 6.8 Hz, CCH(OH)CH(CHJ)z); Be 
(100 MHz, CDCh) 210.0 (C=O), 160.2 (COC(CH(OH)CH(CH3)2)CH), 150.7 
(COC(CH(OH)CH(CH3-)2)CH), 138.5 (COCHCHCHCHCH), 137.0 
(COCHCHCHCHCH), 73.1 (CCH(OH)CH(CHJ)z), 53.4 (COCHCH), 47.9 
(COC(CH(OH)CH(CH3)z)CHCH), 43.6 (COCHCH), 42.9 (COCHCHCHCHCH), 41.2 
(CHz), 32.7 (CCH(OH)CH(CH3)z), 19.1 (CCH(OH)CH(CH3)2), 17.0 
(CCH(OH)CH(CH3)z). 
(+/-)-4-(Hydroxy-phenyl-methylltricyclo[5.2.1.0]deca-4,8-dien-3-one (268) 
or 
To a pre-dried flask was added dicobalt heptacarbonyl triphenylphosphine (0.06 g, 0.10 
mmol) and 1,2-dimethoxyethane/toluene (1:1, 5 cm3) CO saturated solution. To this was 
then added norbornadiene (0.51 cm3, 5.00 mmol) and 1-phenyl-prop-2-yn-1-ol (0.12 cm3, 
1.00 mmol). The temperature was then raised to 65°C and the flask flushed with CO so 
that the solution was under a CO atmosphere. The reaction mixture was left at 65°C, until 
the disappearance of the dicobalt heptacarbonyl triphenylphosphine by TLC (approx 8.5 
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h). The reaction mixture was then cooled to ambient temperature, filtered through a pad 
of celite and concentrated under reduced pressure. The crude residue was then purified 
further by flash silica column chromatography (light petroleum/diethyl ether (2: I) 
elution) to yield the title compound as a separable mixture of diastereoisomers (0.13 g, 
53%,7% de). (i) First eluting minor diastereoisomer, a white solid (0.06 g) mp 99-10!°C; 
HRMS (El) C11Ht602, Requires (M+): 252.1150, Found (M~: 252.1146 (-1.6 ppm), mlz 
252 (M+, 2%), 234 (100%), 206 (40%), 169 (95%), 158 (17%), 141 (15%), 129 (23%), 
115 (26%), 105 (20%), 91 (48%), 77 (31%), 66 (33%); Vmax (thin film)/cm'1 3422 (OH), 
3058, 3029, 2973, 2943, 2876 (sp3 C-H), 1684 (C=O), 729, 699, 631 (ArC-H); oH (400 
MHz, CDCb) 7.40-7.32 (4H, m, aryl H), 7.31-7.27 (IH, m, aryl H), 7.14 (!H, dd, J 1.2 
Hz and J' 2.6 Hz, COC(CH(OH)Ph)CH), 6.27 (IH, dd, J 3.1 Hz and J' 5.6 Hz, 
COCHCHCHCHCH), 6.19 (IH, dd, J 3.0 Hz and J' 5.6 Hz, COCHCHCHCHCH), 5.53 
(IH, d, J 3.3 Hz, CQH(OH)Ph), 3.50 (IH, d, J 4.2 Hz, OH), 2.92 (IH, br. s, 
COCHCHCH), 2.74-2.72 (IH, m, COC(CH(OH)Ph)CHCH), 2.67-2.66 (IH, m, 
COCHCHCHCHCH), 2.33 (!H, dt, J 1.3 Hz and J' 5.0 Hz, COCHCH), 1.39 (!H, dt, J 
1.4 Hz and J' 9.4 Hz, CH2), 1.26 (IH, d, J 9.4 Hz, CH2); Be (100 MHz, CDCb) 209.7 
(C=O), 160.1 (COC(CH(OH)Ph)CH), 151.6 (COC(CH(OH)Ph)CH), 141.2 (ArC), 138.5 
(COCHCHCHCHCH), 137.0 (COCHCHCHCHCH), 128.5 (Ar CH), 127.8 (Ar CH), 
126.3 (Ar CH), 69.9 (CCH(OH)Ph), 53.3 (COCHCH), 47.8 (COC(CH(OH)Ph)CHCH), 
43.6 (COCHCH), 42.8 (COCHCHCHCHCH), 41.2 (CHz); (ii) Second eluting major 
diastereoisomer, yellow liquid (0.07 g) Vmax (thin film)/cm'1 3419 (OH), 3059, 3028, 
2972, 2941,2874 (sp3 C-H), 1684 (C=O), 700 (ArC-H); OH (400 MHz, CDCb) 7.41-7.27 
(5H, m, aryl H), 7.15-7.14 (IH, m, COC(CH(OH)Ph)CH), 6.27 (!H, dd, J 3.1 Hz and J' 
5.6 Hz, COCHCHCHCHCH), 6.19 (IH, dd, J 3.0 Hz and J' 5.6 Hz, 
COCHCHCHCHCH), 5.52 (!H, br. s, CCH(OH)Ph), 3.47 (IH, d, J 3.9 Hz, OH), 2.89 
(IH, br. s, COCHCHCH), 2.75-2.73 (!H, m, COC(CH(OH)Ph)CHCH), 2.66 (!H, br. s, 
COCHCHCHCHCH), 2.35 (IH, d, J 5.0 Hz, COCHCH), 1.35 (IH, dt, J 1.3 Hz and J' 9.4 
Hz, CH2), 1.14 (!H, d, J 9.4 Hz, CH2); Be (100 MHz, CDCh) 209.5 (C=O), 160.1 
(COC(CH(OH)Ph)CH), 151.6 (COC(CH(OH)Ph)CH), 141.1 (Ar C), 138.5 
(COCHCHCHCHCH), 137.1 (COCHCHCHCHCH), 128.5 (Ar CH), 127.8 (Ar CH), 
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126.4 (Ar ai), 69.8 (Cai(OH)Ph), 53.3 (COOICH), 47.8 (COC(CH(OH)Ph)CHOI), 
43.6 (COCHOI), 42.9 (COCHCHCHCHOI), 41.2 (CHz). 
(+I-)-4-fl-H ydroxy-1 ,2,2-trimethy1-p ropyl)tricycl o [ 5.2 .1.0 I deca-4,8-di en-3-on e (2 72) 
or 
OH 
... ,,,11 1Bu 
Me 
To a pre-dried flask was added dicobalt heptacarbonyl triphenylphosphine (0.06 g, 0.10 
mmol) and 1,2-dimethoxyethane/toluene (1:1, 5cm3) CO saturated solution. To this was 
then added norbomadiene (0.51 cm3, 5.00 mmol) and 3,4,4-trimethyl-pent-1-yn-3-ol 
3 / (0.15 cm, 1.00 mmol). The temperature was then raised to 65°C and the flask flushed 
with CO so that the solution was under a CO atmosphere. The reaction mixture was then 
left at 65°C until the disappearance of the dicobalt heptacarbonyl triphenylphosphine by 
TLC (approx 8.5 h). The reaction mixture was then cooled to ambient temperature, 
filtered through a pad of celi\~ and concentrated under reduced pressure. The crude 
residue was then purified further by flash silica column chromatography (light 
petroleum/diethyl ether (3:1) elution) to yield the title compound as an inseparable 
mixture of diastereoisomers as a yellow oil (0.04 g, 18%, 0% de). (i) First eluting 
diastereoisomer, HRMS (FAB) Ct6H220 2+H, Requires (M++H): 247.1698, Found 
(~+H): 247.1693 (-1.9 ppm), mlz 247 (M++H, 12%), 229 (83%), 219 (14%), 189 (17%), 
163 (27%), 149 (15%), 136 (11%), 123 (26%), 105 (19%), 95 (28%); Vmax (thin film)/cm· 
1 3423 (OH), 2976 (sp3 C-H), 1684 (C=O); llH (400 MHz, CDCb) 7.21 (IH, d, J2.7 Hz, 
COC(CCH3(0H)C(CH3)3)CH), 6.31 (1H, dd, J 3.0 Hz and J' 5.5 Hz, 
COCHCHCHCHCH), 6.21 (1H, dd, J 3.0 Hz and J' 5.5 Hz, COCHCHCHCHCH), 5.29 
(1H, br. s, OH), 2.92 (1H, br. s, COCHCHCH), 2.76-2.74 (1H, m, 
COC(CCH3(0H)C(CH3)3)CHCH), 2.71 (1H, br. s, COCHCHCHCHCH), 2.32 (IH, d, J 
5.0 Hz, COCHCH), 1.42 (IH, d, J 9.5 Hz, CH2), 1.33 (3H, s, CCCHJ(OH)C(CHJ)l), 
1.32-1.27 (1H, m, CH2), 0.89 (9H, s, CCCH3(0H)C(CH3)3); llc (100 MHz, CDCb) 212.0 
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(C=O), 161.7 (COC(CCHJ(OH)C(CH3)3)CH), 152.1 (COC(CCHJ(OH)C(CHJ)J)CH), 
138.6 (COCHCHCHCHCH), 137.0 (COCHCHCHCHCH), 78.2 
(COC(CCHJ(OH)C(CHJ)J)CH), 53.1 (COCHCH), 47.0 
(COC(CCHJ(OH)C(CHJ)J)CHCH), 43.8 (COCHCH), 42.8 (COCHCHCHCHCH), 41.1 
(CH2), 38.6 (COC(CCH3(0H)C(CH3)J)CH), 25.3 (COC(CCH3(0H)C(CHJ)J)CH), 23.6 
(COC(CCHJ(OH)C(CH3)J)CH); (ii) Second eluting diastereoisomer, Ymax (thin film)/cm' 1 
3462 (OH), 3060, 2970, 2872 (sp3 C-H), 1684 (C=O); OH (400 MHz, CDCh) 7.22 (1H, d, 
J 2.8 Hz, COC(CCH3(0H)C(CH3)3)CH), 6.30. (!H, dd, J 2.9 Hz and J' 5.6 Hz, 
COCHCHCHCHCH), 6.21 (!H, dd, J 2.9 Hz and J' 5.6 Hz, COCHCHCHCHCH), 5.23 
(!H, br. s, OH), 2.94-2.93 (1H, m, COCHCHCH), 2.73-2.71 (2H, m, 
COC(CCHJ(OH)C(CHJ)J)CHCH and COCHCHCHCHCH), 2.34 (1H, dt, J 1.3 Hz and J' 
5.0 Hz, COCHCH), 1.44 (1H, d, J 9.4 Hz, CH2), 1.33 (3H, d, J 0.8 Hz, 
CCCHJ(OH)C(CHJ)J), )':29 (1H, d, J 9.4 Hz, CH2), 0.91 (9H, s, CCCHJ(OH)C(CHJ)J); 
lie (100 MHz, CDCl3) 211.9 (C=O), 162.1 (COC(CCHJ(OH)C(CHJ)J)CH), 152.1 
(COC(CCHJ(OH)C(CH3)J)CH), 138.4 (COCHCHCHCHCH), 137.0 
(COCHCHCHCHCH), 78.4 (COC(CCH3(0H)C(CH3)3)CH), 53.1 (COCHCH), 47.2 
(COC(CCHJ(OH)C(CH3)J)CHCH), 43.8 (COCHCH), 42.9 (COCHCHCHCHCH), 41.5 
(CH2), 38.7 (COC(CCH3(0H)C(CH3)3)CH), 25.5 (COC(CCH3(0H)C(CHJ)J)CH), 23.6 
(COC(CCHJ(OH)C(CHJ)J)CH). 
Dicobalt hexacarbony1-1-phenylethyne (13)1"•14•151 
H 
oc""-
c"o "----"< 
oc/ \ 
CO 
To a pre-dried flask was added dicobalt octacarbonyl (2.00 g, 5.85 mmol) and DCM (50 
cm3). To this was added 1-phenylethyne (0.58 cm3, 5.32 mmol) and the resulting solution 
was left to stir overnight at ambient temperature. The reaction mixture was filtered 
through a plug of celite, concentrated under reduced pressure and purified further by flash 
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silica column chromatography (light petroleurnldiethyl ether (15: I) elution) to yield the 
title compound as a dark red solid (2.04 g, quant.). mp 28-30°C; Found: C 43.0%, H 
1.3%, Requires: C 43.3%, H 1.6%; HRMS (FAB) Ct4H606Co2, Requires (M'): 387.8828, 
Found (M}: 387.8833 (+1.1 ppm), mlz 388 (M+, 24%), 360 (M•-co, 100%), 332 (M•-
2CO, 61%), 304 (~-3CO, 89%), 276 (~-4CO, 60%), 248 (~-5CO, 75%), 220 (~-
6CO, 34%); Vmaz (thin film)/cm·1 2093, 2051, 2017 (Co-C=O), 758, 690 (ArC-H); OH 
(400 MHz, CDCI3) 7.56-7.53 (2H, m, aryl H), 7.37-7.30 (3H, m, aryl H), 6.38 (1H, s, 
HC=C); lie (100 MHz, CDCh) 199.4 (Co-C=O), 198.9 (Co-C=O), 137.4 (Ar C), 130.2 
(ArCH), 128.8 (ArCH), 128.1 (ArCH), 90.1 (HC=C), 72.5 (HC=C). 
Cobalt tricarbonyl molybdenum dicarbonylcyclopentadienyl-1-phenylethyne 
(1S7)t2lc,152 
/ 
H 
To a pre-dried flask was added molybdenum cyclopentadienyl tricarbonyl dimer (0.86 g, 
1.75 mmol) and anhydrous THF (60 cm3). To this was added carefully, L-Selectride [lM 
THF soln.](4.38 cm3, 4.38 mmol) and the reaction mixture was left to stir at ambient 
temperature for 1.0 h, during which time the solution turned from a deep purple colour to 
a yellow/orange colour. Dicobalt hexacarbonyl-1-phenylethyne (1.36 g, 3.51 mmol) was 
added and the resulting solution was refluxed for 2.5 h. After cooling, the reaction 
mixture was adsorbed onto flash silica gel and filtered through a pad of celite. The 
resulting solution was concentrated under reduced pressure and further purified by flash 
silica column chromatography (light petroleurn!diethyl ether (10:1) elution) to yield the 
title compound as a dark red solid (0.94 g, 58%). mp 87-89°C; Found: C 46.5%, H 2.3%, 
Requires: C 46.8%, H 2.4%; HRMS (FAB) C18HttOsCoMo-CO, Requires (M•-co): 
435.9043, Found (M•-co): 435.9049 (+1.3 ppm), mlz 436 (M•-co, 19%), 408 (M•-2c0, 
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15%), 380 (M"-3CO, 28%), 352 (M+-4CO, 27%), 324 (M+-5CO, 39%), 259 (M+-5CO-Cp 
ring, 15%); Vmax (thin film)/cm·' 2049, 1980, 1939 (Mo-C=O, Co-C=O), 758, 694 (ArC-
H); oH (400 MHz, CDCh) 7.30-7.17 (5H, m, aryl H), 5.87 (lH, s, HC=C), 5.38 (5H, s, Cp 
H); lie (100 MHz, CDCh) 225.7 (Mo-C=O), 225.5 (Mo-C=O), 203.2 (Co-C=O), 142.0 
(ArC), 129.6 (Ar CH), 128.3 (ArCH), 126.8 (Ar CH), 91.2 (Cp C), 87.3 (HC=C), 74.3 
(HC=C). 
6, 7-Dichloro-3-phenyl-bicyclo[3.2.0lhept-3-en-2-one (273) 
Cl 
Ph or Ph 
Cl 
H 
To a pre-dried flask was added cobalt tricarbonyl molybdenum 
dicarbonylcyclopentadienyl-1-phenylethyne (OJ 4 g, 0.29 mmol), cis-3,4-
dichlorocyclobutene (0.06 cm3, 0.59 mmol) and 1,2-dimethoxyethane (15 cm3). The 
resulting reaction mixture was 'then warmed to 65°C and left to stir at this temperature 
until the disappearance of the dark red complex colour, which was monitored by TLC. 
After this time, the reaction was cooled to ambient temperature, filtered through a pad of 
celite and concentrated under reduced pressure. The crude residue was purified further by 
flash silica column chromatography (light petroleurnldiethyl ether (3: 1) elution) to yield 
the title compound as a yellow solid (0.02 g, 27%). HRMS (El) CtJHtoOClz, Requires 
(M): 252.0109, Found (M): 252.0106 (-LO ppm), mlz 252 (M\ 13%), 224 (10%), 217 
(M+-Cl, 24%), 189 (18%), 181 (10%), 156 UOO%), 128 (40%), 102 (23%); Vmax (thin 
film)/cm·' 2962 (sp3 C-H), 1698, 1694 (C=O), 798 (C-C!), 762, 697, 690 (ArC-H); OH 
(400 MHz, CDCh) 7.87 (1H, d, J 3Hz, COC(Ph)CH), 7.73-7.71 (2H, m, aryl H), 7.43-
7.40 (3H, m, aryl H), 4.48-4.46 (1H, m, COCHCH(Cl)CH(Cl)CH), 4.38-4.36 (1H, m, 
COCHCH(Cl)CH(Cl)CH), 3.76-3.73 (1H, m, COC(Ph)CHCH), 3.52-3.49 (1H, m, 
COCHCH(Cl)CH(Cl)CH); lie (100 MHz, CDCh) 203.0 (C=O), 154.3 (COC(Ph)CH), 
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145.5 (COC(Ph)CH), 130.3 (ArC), 129.4 (ArCH), 128.7 (ArCH), 127.3 (ArCH), 58.3 
(COCHCH(CI)CH(CI)CH), 54.4 (COCHCH(CI)CH(CI)CH), 53.5 
(COCHCH(CI)CH(CI)CH), 47.0 (COC(Ph)CHCH). 
3,4-cis-Benzyloxy-cyclobutene (274) 
To a pre-dried flask was added sodium hydride (60 % mineral oil dispersion](0.33 g, 
13.55 mmol) and anhydrous THF (20 cm3). The solution was cooled to 0°C. Benzyl 
alcohol (0.42 cm3, 4.07,m'mol) was added and the resulting solution was left to stir at 0°C 
for 0.5 hand then allowed to warm to ambient temperature over 0.5 h. At this point, cis-
3,4-dichlorocyclobutene (0.19 cm3, 2.03 mmol) was added to the reaction mixture, which 
was warmed to 60°C and left to stir at this temperature for 15 h. After this time, the 
reaction was cooled to ambient temperature, filtered through a pad of celite and 
concentrated under reduced pre~sure. The resulting crude residue was purified further by 
flash silica column chromatography (light petroleum/diethyl ether (15:1) elution) to yield 
. . 
the title compound as a pale yellow oil (0.36 g, 66%). HRMS (El) C1sH1sOz, Requires 
(M"1: 266.1307, Found (M"1: 266.1311 (+1.5 ppm), mlz 266 (M\ 3%), 237 (3%), 175 
(4%), 123 (5%), 105 (81%), 91 (100%), 84 (75%), 77 (61%), 65 (62%); Ymax (thin 
film)/cm·1 3087, 3061, 3031, 2865 (sp3 C-H), 735, 698 (ArC-H); oH (400 MHz, CDCh) 
7.35-7.15 (10 H, m, acyl H), 6.28 (2H, d, J !.0 Hz, HC=CH), 4.68-4.65 (4H, m, 
OCH2Ph), 4.58-4.54 (2H, m, OCHCH); 8c (100 MHz, CDCh) 142.0 (HC=CH), 138.5 
(ArC), 128.3 (ArCH), 127.8 (ArCH), 127.5 (ArCH), 81.2 (OCHCH), 70.8 (OCH2Ph). 
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6,7-Bis-benzyloxy-3-phenyl-bicyclo[3.2.0)hept-3-en-2-one (275) 
Ph or Ph 
To a pre-dried flask was added cobalt tricarbonyl molybdenum dicarbonyl 
cyclopentadienyl-1-phenylethyne (0.08 g, 0.18 mmol), cis-3,4-Benzyloxy-cyclobutene 
(0.10 g, 0.36 mmol) and 1,2-dimethoxyethane (10 cm\ The resulting reaction mixture 
was warmed to 65°C and left to stir at this temperature until the disappearance of the dark 
red complex colour, which was monitored by TLC. After this time, the reaction was 
cooled to ambient temperature, filtered through a pad of celite and concentrated under 
/ 
reduced pressure. The crude residue was purified further by flash silica column 
chromatography (light petroleum/diethyl ether (5: I) elution) to yield the title compound 
as a clear oil (0.01 g, 20%). HRMS (El) Cz1Hz403, Requires (M'): 396.1726, Found 
(M""}: 396.1732 (+1.6 ppm), mlz 396 (M+, 1%), 367 (1%), 337 (1%), 305 (3%), 290 (!%), 
277 (2%), 219 (5%), 205 (7%), 199 (6%), 171 (5%), 163 (4%), 105 (82%), 91 (100%), 77 
• 
(27%); Vm,. (thin film)/cm"1 3062, 3031, 2925 (sp3 C-H), 1698 (C=O), 736, 696 (ArC-
H); OH (400 MHz, CDCh) 7.77 (JH, d, J 3.2 Hz, COC(Ph)CH), 7.71-7.69 (2H, m, aryl 
H), 7.39-7.23 (13H, m, aryl H), 4.70 (2H, dd, J 12.0 Hz and J' 26.4 Hz, OCH2Ph), 4.55-
4.47 (3H, m, OCH;Ph and OCHCH), 4.38-4.34 (JH, m, OCHCH), 3.58-3.54 (IH, m, 
COC(Ph)CHCH), 3.31-3.28 (1H, m, COCHCH); 8c (100 MHz, CDCh) 205.7 (C=O), 
156.9 (COC(Ph)CH), 148.1 (COC(Ph)CH), 137.8 (ArC), 133.3 (ArC), 131.7 (ArCH), 
129.7 (ArCH), 128.4 (ArCH), 128.3 (ArCH), 128.2 (ArCH), 128.0 (ArCH), 127.9 (Ar 
CH), 127.8 (Ar CH), 127.5 (Ar CH), 127.4 (Ar CH), 75.0 (COC(Ph)CHCHCH), 74.3 
(COCHCH), 72.3 (CHz), 71.9 (CHz), 48.1 (COCHCH), 43.2 (COC(Ph)CHCH). 
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6,7-Dichloro-3-hydroxymethyl-bicyclo[3.2.0]hept-3-en-2-one (276) 
Cl 
OH OH 
or 
Cl Cl 
H 
To a pre-dried flask was added dicobalt hexacarbonyl-prop-2-yn-1-ol (0.12 g, 0.35 
mmol), cis-3,4-dichlorocyclobutene (0.10 cm3, 1.06 mmol) and anhydrous DCM (25 
cm3). To this was added slowly, 4-methylmorpholine-N-oxide (0.25 g, 2.12 mmol) as a 
methanol (5 cm3) solution. The reaction mixture was left to stir at ambient temperature 
until the disappearance of the dark red complex colour, which was monitored by TLC. At 
this point, the reaction mixture was filtered through a pad of celite and concentrated 
/ 
under reduced pressure. The crude residue was purified further by flash silica column 
chromatography (light petroleum/diethyl ether (1:1) elution) to yield the title compound 
as a white solid (0.03 g, 46%, 43% de). (i) First eluting minor diastereoisomer, Vmax (thin 
film)/cm· 1 3421 (OH), 2917 (sp3 C-H), 1684 (C=O); OH (400 MHz, CDCb) 7.61-7.61 
(1H, m, COC(CHzOH)CH), 4.42-4.38 (3H, m, COCHCH(Cl)CH(Cl) and 
I 
COC(CH20H)CH), 4.32 (!H, ddd, J !.0 Hz, J' 3.1 Hz and J" 6.5 Hz, 
COCHCH(Cl)CH(Cl)), 3.71-3.67 (!H, m, COC(CH20H)CHCH), 3.42-3.39 (IH, m, 
COCH), OH signal 
(COC(CHzOH)CH), 
(COC( CHzOH)CH), 
not visible; oc (100 MHz, CDCI}) 204.1 (C=O), 
147.8 (COC(CHlOH)CH), 57.8 (COCHCH(Cl)), 
53.9 (COCHCH(Cl)CH(Cl)), 53.0 (COCH), 
154.7 
57.5 
47.9 
(COC(CH20H)CHCH); (ii) Second eluting major diastereoisomer, Vmax (thin film)/cm·1 
3069, 2917 (sp3 C-H), 1684 (C=Q), 765 (C-C!); oH (400 MHz,CDCI}) 7.57-7.57 (IH, m, 
COC(CHzOH)CH), 5.03-4.99 (1H, m, COCHCH(Cl)CH(Cl)) 4.94 (1H, dt, J !.6 Hz and 
J' 7.7 Hz, COCHCH(Cl)), 4.48 (2H, br. s, COC(CH20H)CH), 3.83-3.79 (1H, m, 
COC(CHzOH)CHCH), 3.49 (IH, qt, J 4.7 Hz and J' 8.7 Hz, COCH), OH signal not 
visible; oc (100 MHz, CDCb) 204.1 (C=O), 155.2 (COC(CHzOH)CH), 150.3 
(COC(CHzOH)CH), 57.6 (COC(CH20H)CH), 54.9 (COCHCH(Cl)CH(CI)), 54.2 
(COCHCH(Cl)), 47.8 (COCH), 44.1 (COC(CH20H)CHCH). 
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2-{Hydroxymethyl)tricyclo[5.2.1.0]deca-4.8-dien-3-one (277)66•73,95 
0 
H 
To a pre-dried flask was added dicobalt hexacarbonyl-prop-2-yn-1-ol (0.20 g, 0.58 
mmol), norbornadiene (0.32 cm3, 2.92 mmol) and 1,2-dimethoxyethane (1:1, 15 cm\ To 
this was added slowly, 4-methylmorpholine-N-oxide (0.41 g, 3.51 mmol) as a methanol 
(5 cm3) solution. The reaction mixture was left to stir at ambient temperature until the 
disappearance of the dark red complex colour, which was monitored by TLC. At this 
point, the reaction mixture was filtered through a pad of celite and concentrated under 
reduced pressure. The/crude residue was purified further by flash silica column 
chromatography (light petroleum/diethyl ether(!:!) elution) to yield the title compound 
as a white solid (0.06 g, 60%). HRMS (El) C11 H120 2 , Requires (M}: 176.0837, Found 
(M}: 176.0838 {+0.6 ppm), m!z 177 (M+, 24%), 158 (68%), 145 (6%), 129 (42%), 115 
(38%), 110 (19%), 77 (12%), 66 (100%), 51 (12%); Ymax (thin film)/cm·1 3412 (OH), 
3060, 2971, 2942, 2875 (sp3 c':H), 1691 (C=O); OH (400 MHz, CDCI3) 7.39 (IH, app. 
pent., J 1.2 Hz, COC(CHzOH)CH), 6.28 (IH, dd, J 2.8 Hz and J' 6.3 Hz, 
COCHCHCHCHCH), 6.19 (IH, dd, J 2.8 Hz and J' 6.2 Hz, COCHCHCHCHCH), 4.33 
(2H, s, COC(CH20H)CH), 2.91 (IH, br. s, COCHCH), 2.79-2.77 (IH, m, 
COC(CHzOH)CHCH), 2.70 (2H, br. s, COCHCHCHCHCH and OH), 2.33 (IH, dt, J 1.2 . 
Hz and J' 4.8 Hz, COCHCH), 1.39 (!H, dt, J·!.6 Hz and J' 9.6 Hz, CHz), 1.25 (1H, d, J 
9.2 Hz, CHz); Be (100 MHz, CDCh) 209.9 (C=O), 160.0 (COC(CHzOH)CH), 149.0 
(COC(CHzOH)CH), .138.5 (COCHCHCHCHCH), 137.0 (COCHCHCHCHCH), 57.5 
(COC(CHzOH)CH), 53.2 (COCHCH), 48.1 (COC(CHzOH)CHCH), 43.5 (COCHCH), 
42.8 (COCHCHCHCHCH), 41.2 (CHz). 
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Table 1. Crystal data and structure refmement for sdrcl. 
Identification code 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
Cell volume 
z 
Calculated density 
Absorption coefficient J.L 
F(OOO) 
Crystal colour and size 
Reflections for cell refinement/ 
Data collection method 
e range for data collection 
Index ranges 
Completeness toe= 26.00° 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F2>2a 
Absorption correction 
Min. and max. transmission 
Structure solution 
Refinement method 
W eightiug parameters a, b 
Data I restraints I parameters 
Final R indices (F2>2a] 
R indices (all data) 
Goodness-of-fit on p2 
Largest and mean shift/ su 
Largest diff. peak and hole 
sdrcl 
C14H9CoMo06 
428.08 
150(2) K 
MoKc.x, 0.71073 A 
triclinic, P 1 
a= 6.9068(6) A 
b = 8.6940(7) A 
c;., 13.8949(11) A 
744.95(11) A3 
2 
1.908 glcm3 
1.979 =-! 
420 
a= 94.500(2)0 
J3 = 99.826(2)0 
y = 113.338(2)0 
red, 0.27 x 0.13 x 0.08 mm3 
4840 (9 range 2.58 to 28.35°) 
Broker SMART 1000 CCD diffractometer 
eo rotation with narrow frames 
2.59 to 28.67° 
h-9to9,k-ll to ll,l-18to 18 
98.7% 
0% 
6398 
3366 (R;,, = 0.0135) 
3135 
semi-empirical from equivalents 
0.617 and 0.858 
Patterson synthesis 
Full-matrix least-squares on F2 
0.0227, 0.4179 
3366 I 0 I 200 
RI = 0.0200, wR2 = 0.0484 
R1 = 0.0224, wR2 = 0.0494 
1.066 
0.001 and 0.000 
0.741 and -o.613 e A-3 
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (A2) 
for sdrcl. Ueq is defmed as one third of the trace of the orthogonalized u• tensor. 
X y z U,q 
Mo(1) 0.90330(2) 0.324892(19) 0.232349(11) 0.01696(5) 
Co(1) 0.77059(4) 0.00119(3) 0.269810(18) 0.01832(7) 
C(l) 0.7133(3) 0.2301(3) 0.44158(14) 0.0260(4) 
C(2) 0.7327(3) 0.1931(2) 0.33804(13) 0.0187(3) 
C(3) 0.6020(3) 0.1337(2) 0.24542(13) 0.0188(4) 
C(4) 0.3852(3) 0.1038(3) 0.19756(14) 0.0240(4) 
0(1) 0.2562(2) -0.0189(2) 0.13881(12) 0.0386(4) 
C(5) 1.0452(4) 0.5295(3) 0.13505(16) 0.0321(5) 
C(6) 1.1573(4) 0.4244(3) 0.13360(15) 0.0300(4) 
C(7) 1.0094(3) 0.2596(3) 0.08635(14) 0.0271(4) 
C(8) 0.8033(4) 0.2616(3) 0.05923(14) 0.0286(4) 
C(9) 0.8250(4) 0.4276(3) 0.08845(15) 0.0312(5) 
C(lO) 1.1436(3) 0.3745(2) 0.35037(14) 0.0227(4) 
0(10) 1.2775(3) 0 .40060(1 9) 0.41793(12) . 0.0356(4) 
C(II) 0.8431(3) 0.5033(2) 0.30367(15) 0.0261(4) 
0(11) 0.8089(3) 0.6053(2) 0.34422(13) 0.0414(4) 
C(l2) 0.5727(3) . -0.1585(2) 0.31888(15) 0.0263(4) 
0(12) 0.4426(3( -0.2547(2) 0.34989(14) 0.0431(4) 
C(l3) 0.7382(3) -0.1064(3) 0.14768(16) 0.0268(4) 
0(13) 0.7056(3) -0.1810(2) 0.07116(12) 0.0421(4) 
C(l4) 1.0167(3) 0.0017(3) 0.34082(16) 0.0279(4) 
0(14) 1.1691(3) 0.0019(2) 0.38644(15) 0.0476(5) 
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Table 3. Bond lengths [A] and angles [0 ] for sdrcl. 
Mo(l)-C(11) 1.993(2) Mo(1)-C(10) 2.006(2) 
Mo(1)-C(3) 2.1361(18) Mo(1)-C(2) 2.1546(18) 
Mo(1}-C(9) 2.3196(19) Mo(1)-C(5) 2.324(2) 
Mo(1}-C(8) 2.3432(19) Mo(1)-C(6) 2.3484(19) 
Mo(1}-C(7) 2.3728(19) Mo(1)-Co(1) 2.7166(3) 
Co(1)-C(12) 1.795(2) Co(1)-C(13) 1.806(2) 
Co(1)-C(14) 1.812(2) Co(1)-C(3) 1.9460(18) 
Co(1)-C(2) 1.9836(18) C(1)-C(2) 1.489(3) 
C(2}-C(3) 1.367(3) C(3}-C(4) 1.441(3) 
C(4)-0(1) 1.208(2) C(5}-C(6) 1.413(3) 
C(5}-C(9) 1.423(3) C(6}-C(7) 1.411(3) 
C(7}-C(8) 1.416(3) C(8}-C(9) 1.409(3) 
C(10)-0(10) 1.137(2) C( 11 )-0(11) 1.137(3) 
C(12)-0(12) 1.134(2) C(13)-0(13) 1.139(3) 
C(14)-0(14) 1.132(3) 
C(11}-Mo(1)-C(IO) 86.31(8) C(11}-Mo(1}-C(3) 90.77(8) 
C(1 0}-Mo(l }-C(3) 113.17(7) C(11}-Mo(1}-C(2) 77.66(7) 
C(10}-Mo(1}-C(2) 77.65(7) C(3}-Mo(1)-C(2) 37.15(7) 
C(11}-Mo(l}-C(9) 
' 
87.14(8) C(10}-Mo(1}-C(9) 141.01(8) 
C(3}-Mo(1)-C(9) / 105.31(8) C(2}-Mo(l }-C(9) 137.75(8) 
C(11}-Mo(1}-C(5) 84.22(8) C(10}-Mo(1}-C(5) 105.36(8) 
C(3}-Mo(1)-C(5) 140.72(8) C(2}-Mo(1)-C(5) 161.45(7) 
C(9}-Mo(1)-C(5) 35.69(8) C(11}-Mo(1}-C(8) 120.00(8) 
C(10}-Mo(1)-C(8) 144.39(8) C(3}-Mo(1)-C(8) 91.52(7) 
C(2}-Mo(1}-C(8) 128.21(7) C(9)-Mo(1}-C(8) 35.17(8) 
C(5)-Mo(1}-C(8) 58.84(8) 
• 
C(11}-Mo(1)-C(6) 115.00(8) 
C(10}-Mo(1)-C(6) 90.00(8) C(3}-Mo(1}-C(6) 146.91(7) 
C(2}-Mo(1}-C(6) 161.99(7) C(9}-Mo(1}-C(6) 58.64(8) 
C(5}-Mo(1)-C(6) 35.21(8) C(8}-Mo(1}-C(6) 58.26(8) 
C(11}-Mo(1)-C(7) 141.80(8) C(10)-Mo(1}-C(7) 109.59(8) 
C(3}-Mo(1}-C(7) 112.44(7) C(2}-Mo(1}-C(7) 138.57(7) 
C(9}-Mo(1)-C(7) 58.35(7) C(5)-Mo(1)-C(7) 58.43(8) 
C(8}-Mo(1)-C(7) 34.94(7) C(6}-Mo(1)-C(7) 34.78(7) 
C(11}-Mo(1}-Co(1) 123.93(6) C(10}-Mo(1)-Co(1) 83.89(5) 
C(3}-Mo(1}-Co(1) 45.35(5) C(2}-Mo(1 }-Co(1) 46.30(5) 
C(9}-Mo(1}-Co(1) 130.33(6) C(5)-Mo(1}-Co(1) 151.32(6) 
C(8}-Mo(1)-Co(1) 97.80(5) C(6}-Mo(1}-Co(1) 120.05(6) 
C(7}-Mo(1 )-Co(1) 92.90(5) C(12)-Co(1}-C(13) 102.22(9) 
C(12)-Co(1)-C(14) 100.26(9) C(13)-Co(1}-C(14) 104.61(10) 
C(12}-Co(1)-C(3) 94.89(8) C(13}-Co(1}-C(3) 103.05(8) 
C(14}-Co(1)-C(3) 144.67(9) C(12}-Co(1}-C(2) 94.64(8) 
C(13)-Co(1)-C(2) 141.65(8) C(14}-Co(1}-C(2) 105.91(9) 
C(3}-Co(1)-C(2) 40.69(7) C(12)-Co(1}-Mo(1) 143.53(6) 
C(13)-Co(1}-Mo(1) 99.20(7) C(14}-Co(1}-Mo(1) 102.44(6) 
C(3}-Co(1)-Mo(1) 51.35(5) C(2}-Co(1}-Mo(1) 51.75(5) 
C(3}-C(2}-C( 1) 138.56(18) C(3)-c(2}-Co(1) 68.17(11) 
C(1)-C(2)-Co(1) 130.82(13) C(3}-C(2}-Mo(1) 70.69(11) 
C(1}-C(2}-Mo(1) 138.59(14) Co(1)-C(2)-Mo(1) 81.95(7) 
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C(2)-C(3)--C(4) 
C( 4 )-C(3)--Co( 1) 
C(4)-C(3)-Mo(1) 
0(1)--C(4)--C(3) 
C(6)-C(5)-Mo(1) 
C(7)--C( 6)--C( 5) 
C(5)--C(6)-Mo(1) 
C( 6)--C(7)-Mo( 1) 
C(9)--C(8)--C(7) 
C(7)--C(8)-Mo( 1) 
C(8)--C(9)-Mo(l) 
0(10)-C(IO)-Mo(1) 
0( 12)-C(l2)--Co(l) 
0(14)--C(l4)--Co(l) 
/ 
137.76(17) 
137.49(14) 
129.42(13) 
126.97(19) 
73.35(11) 
108.5(2) 
71.44(11) 
71.66(11) 
108.17(19) 
73.68(11) 
73.33(11) 
178.88(18) 
176.77(19) 
178.9(2) 
C(2)-C(3)--Co(1) 
C(2)--C(3)-Mo(1) 
Co(1)--C(3)-Mo(1) 
C(6)-C(5)--C(9) 
C(9)-C(5)-Mo(1) 
C(7)--C( 6)-Mo( 1) 
C(6)-C(7)--C(8) 
C(8)--C(7)-Mo(1) 
C(9)--C(8)-Mo(1) 
C(8)--C(9)--C(5) 
C(5)--C(9)-Mo(1) 
0(11)--C(ll)-Mo(1) 
0(13)--C(13}--Co(1) 
71.13(11) 
72.16(11) 
83.30(7) 
107.42(19) 
72.00(11) 
73.56(11) 
107.76(19) 
71.38(11) 
71.50(11) 
108.11(19) 
72.32(11) 
179.9(2) 
175.83(19) 
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Table 4. Anisotropic displacement parameters (N) for sdrcl. The anisotropic 
displacement factor exponent takes the form: -2n2[h2a*2Un + ... + 2hka*b*U12] 
un u22 u33 u23 UI3 u'z 
Mo(1) 0.02021(9) 0.01561(8) 0.01571(8) 0.00469(6) 0.00473(6) 0.00745(6) 
Co(l) 0.01855(13) 0.01601(12) 0.02202( 13) 0.00504(10) 0.00568(10) 0.00802(10) 
C(1) 0.0300(10) 0.0284(10) 0.0197(9) 0.0053(8) 0.0081(8) 0.0110(8) 
C(2) 0.0208(9) 0.0170(8) 0.0209(9) 0.0059(7) 0.0071(7) 0.0089(7) 
C(3) 0.0215(9) 0.0162(8) 0.0203(9) 0.0021(7) 0.0065(7) 0.0088(7) 
C(4) 0.0235(10) 0.0290(10) 0.0223(9) 0.0031(8) 0.0057(7) 0.0139(8) 
0(1) 0.0257(8) 0.0436(9) 0.0382(9) -0.0111(7) -0.0042(7) 0.0135(7) 
C(5) 0.0450(13) 0.0262(11) 0.0276(11) 0.0142(9) 0.0166(9) 0.0124(10) 
C(6) 0.0308(11) 0.0342(11) 0.0264(10) 0.0124(9) 0.0162(9) 0.0097(9) 
C(7) 0.0351(11) 0.0330(11) 0.0198(9) 0.0082(8) 0.0140(8) 0.0169(9) 
C(8) 0.0348(11) 0.0350(11) 0.0150(9) 0.0055(8) 0.0050(8) 0.0135(9) 
C(9) 0.0448(13) 0.0388(12) 0.0219(10) 0.0168(9) 0.0123(9) 0.0254(10) 
C(10) 0.0238(10) 0.0162(9) 0.0261(10) 0.0046(7) 0.0059(8) 0.0058(7) 
0(10) 0.0319(8) 0.0286(8) 0.0355(8) 0.0031(7) -0.0075(7) 0.0080(7) 
C(ll) 0.0331(11) 0.0203(9) 0.0266(10) 0.0086(8) 0.0072(8) 0.0119(8) 
0(11) 0.0603(11) 0.0302(8) 0.0453(10) 0.0056(7) 0.0177(8) 0.0284(8) 
C(12) 0.0296(10) 0.0193(9) 0.0317(11) 0.0036(8) 0.0088(8) 0.0112(8) 
0(12) 0.0407(10) 0,6285(8) 0.0580(11) 0.0130(8) 0.0258(8) 0.0053(7) 
C(13) 0.0262(10) 0.0250(10) 0.0315(11) 0.0036(8) 0.0079(8) 0.0124(8) 
0(13) 0.0427(10) 0.0455(10) 0.0350(9) -0.0096(8) 0.0071(7) 0.0188(8) 
C(14) 0.0270(10) 0.0208(9) 0.0374(11) 0.0116(8) 0.0072(9) 0.0102(8) 
0(14) 0.0298(9) 0.0417(10) 0.0680(12) 0.0211(9) -0.0033(8) 0.0149(8) 
Table 5. Hydrogen coordinates and isotropic displacement parameters (A2) for sdrcl. 
X y z u 
H(1A) 0.6627 0.3204 0.4468 0.039 
H(lB) 0.8547 0.2668 0.4866 0.039 
H(1C) 0.6096 0.1275 0.4595 0.039 
H(4) 0.3386 0.1897 0.2140 0.029 
H(5) 1.1058 0.6466 0.1622 0.038 
H(6) 1.3072 0.4589 0.1600 0.036 
H(7) 1.0421 0.1643 0.0748 0.033 
H(8) 0.6731 0.1674 0.0269 0.034 
H(9) 0.7121 0.4649 0.0787 0.037 
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Table 1. Crystal data and structure refmement for sdrc4. 
Identification code 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
Cell volume 
z 
Calculated density 
Absorption coefficient ll 
F(OOO) 
Crystal colour and size · . 
Reflections for cell refmemen{ 
Data collection method 
e range for data collection 
Index ranges 
Completeness to e F 26.00° 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F2:>2a 
Absorption correction 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data I restraints I parameters 
Final R indices [F2:>2a] 
R indices (all data) 
Goodness-of-fit on F2 
Largest and mean shift/su 
Largest diff. peak and hole 
sdrc4 
C27H19C<>20oP 
588.25 
150(2) K 
MoKa, 0.71073 A 
triclinic, P I 
a= IO.I9I8(II) A 
b = I0.6930(I2) A 
c = 13.2854(I5) A 
I262.3(2) N 
2 
1.548 g!cm3 
1.4I8 =-l 
596 
a= 67.502(2)0 
13 = 75.888(2)0 
y = 72.535(2)0 
dru:k red, 0.39 x 0.22 x 0.13 mm3 
632I (8 range 2.50 to 28.34°) 
Bruker SMART 1000 CCD diffiactometer 
eo rotation with narrow frames 
1.68 to 28.69° 
h -13 to 13, k-13 to I4, 1-I7 to 16 
98.9% 
0% 
10612 
5641 (R;., = 0.0238) 
4753 
semi-empirical from equivalents 
0.608 and 0.837 
Patterson synthesis 
Full-matrix least-squares on F2 
0.0448, 0.5071 
564I I 0 I 326 
RI= 0.03I3, wR2 = 0.0800 
RI= 0.0401, wR2 = 0.0865 
. 1.042 
O.OOI and 0.000 
0.566 and -0.665 eA -J. 
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (A 2) 
for sdrc4. U,q is defined as one third of the trace of the orthogonalized uu tensor. 
X y z Ueq 
Co(l) 0.32320(2) 0.05066(3) 0.30994(2) 0.02201(8) 
Co(2) 0.42516(3) -0.20257(3) 0.38263(2) 0.02897(9) 
C(1) 0.1918(2) -0.1431(2) 0.2413(2) 0.0371(5) 
. C(2) 0.3005(2) -0.0992(2) 0.26875(16) 0.0259(4) 
C(3) 0.4267(2) -0.0723(2) 0.22802(16) 0.0249(4) 
C(4) 0.5489(2) -0.0996(3) 0.14968(19) 0.0380(5) 
0(1) 0.64384(19) -0.0434(2) 0.1165(2) 0.0644(6) 
C(5) 0.5836(2) -0.1958(3) 0.4173(2) 0.0416(6) 
0(5) 0.6843(2) -0.1894(3) 0.43592(19) 0.0647(6) 
C(6) 0.4690(3) -0.3721(3) 0.37090(19) 0.0432(6) 
0(6) 0.4921(3) -0.4817(2) 0.36771(16) 0.0707(7) 
C(7) 0.3049(3) -0.2386(2) 0.5088(2) 0.0447(6) 
0(7) 0.2291(2) . -0.2642(2) 0.58767(18) 0.0716(7) 
C(8) 0.4567(2) 0.1195(2) 0.32312(17) 0.0299(4) 
0(8) 0.54308(16) 0.1607(2) 0.33155(15) 0.0456(4) 
C(9) 0.1892(2) 0.0671(2) 0.42390(17) 0.0276(4) 
0(9) 0.10667(!,6) 0.07533(18) 0.49789(13) 0.0403(4) 
P(1) 0.21391(5) 0.23982(5) 0.18995(4) 0.02079(11) 
C(10) 0.31945(19) 0.3308(2) 0.06645(15) 0.0228(4) 
C(11) 0.4615(2) 0.2752(2) 0.04678(16) 0.0276(4) 
C(12) 0.5419(2) 0.3453(2) -0.04762(17) 0.0319(4) 
C(13) 0.4811(2) 0.4682(2) -0.12147(17) 0.0324(5) 
C(14) 0.3398(2) 0.5240(2) -0.10243(18) 0.0336(5) 
C(15) 0.2592(2) 0.4564(2) -0.00821(17) 0.0285(4) 
C(16) 0.11728(19) 0:3785(2) 0.24728(15) 0.0239(4) 
C(17) 0.1790(2) 0.4072(2) 0.31667(17) 0.0296(4) 
C(18) 0.1111(2) 0.5125(2) 0.36016(19) 0.0365(5) 
C(19) -0.0201(2) 0.5908(2) 0.3358(2) 0.0384(5) 
C(20) -0.0823(2) 0.5633(2) 0.2677(2) 0.0390(5) 
C(21) -0.0143(2) 0.4576(2) 0.22330(18) 0.0321(4) 
C(22) 0.08208(18) 0.20559(19) 0.13855(16) 0.0235(4) 
C(23) 0.0938(2) 0.2143(2) 0.03032(17) 0.0284(4) 
C(24) -0.0038(2) 0.1748(2) -0.0021(2) 0.0362(5) 
. C(25) 
-0.1121(2) 0.1262(2) 0.0743(2) 0.0388(5) 
C(26) -0.1243(2) 0.1171(2) 0.1829(2) 0.0372(5) 
C(27) -0.0275(2) 0.1558(2) 0.21572(18) 0.0303(4) 
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Table 3. Bond lengths [A] and angles [0 ] for sdrc4. 
Co(1)-C(9) 1.800(2) Co(1)-C(8) 1.800(2) 
Co(1)-C(3) 1.931(2) Co(1)-C(2) 1.969(2) 
Co(1)-P(1) 2.2178(6) Co(1)-Co(2) 2.4787(4) 
Co(2)-C(6) 1.791(3) Co(2)-C(7) 1.802(2) 
Co(2)-C(5) · 1.812(3) Co(2)-C(2) 1.985(2) 
Co(2)-C(3) 1.9920(19) C(1)-C(2) 1.491(3) 
C(2)-C(3) 1.339(3) C(3)-C(4) 1.450(3) 
C(4}-0(1) 1.195(3) C(5)-0(5) 1.139(3) 
C(6}-0(6) 1.139(3) C(7}-0(7) 1.132(3) 
C(8)-0(8) 1.141(3) C(9}-0(9) 1.140(2) 
P(1)-C(22) 1.8274(19) P(1)-C(10) 1.8280(19) 
P(1)-C(16) 1.836(2) C(10)-C(ll) 1.391(3) 
C(10)-C(15) 1.395(3) C(ll)-C(12) 1.398(3) 
C(12)-C(13) 1.376(3) C(13)-C(14) 1.384(3) 
C(14)-C(15) 1.388(3) C(16)-C(21) 1.392(3) 
C(16)-C(17) 1.398(3) C(17)-C(l8) 1.384(3) 
C(18)-C(19) 1.387(3) C(19)-C(20) 1.380(3) 
C(20)-C(21) 1.394(3) C(22)-C(23) 1.382(3) 
C(22)-C(27) 1.401(3) C(23)-C(24) 1.397(3) 
C(24)-C(25) 1.383(3) C(25)-C(26) 1.385(4) 
C(26)-C(27) / 1.388(3) 
C(9)-Co(1 )-C(8) 104.50(9) C(9)-Co(1)-C(3) 143.91(9) 
C(8)-Co(1 )-C(3) 102.24(9) C(9)-Co(1)-C(2) 106.70(9) 
C(8)-Co(1)-C(2) 140.85(9) C(3)-Co(1)-C(2) 40.15(8) 
C(9)-Co(l)-P(l) 93.45(7) C(8)-Co(l )-P( I) 98.88(7) 
C(3)-Co(1)-P(1) 105.91(6) C(2)-Co(1)-P(1) 102.21(6) 
C(9)-Co(1)-Co(2) 99.16(6) C(8)-Co(1)-Co(2) 100.72(7) 
C(3)-Co(1)-Co(2) :!1.92(6) C(2)-Co(1 )-Co(2) 51.46(6) 
P(1)-Co(1)-Co(2) 153.157(19) C(6)-Co(2)-C(7) 97.21(12) 
C(6)-Co(2)-C(5) 102.21(12) C(7)-Co(2)-C(5) 106.85(12) 
C(6)-Co(2)-C(2) 100.18(10) C(7)-Co(2)-C(2) 102.92(10) 
C(5)-Co(2)-C(2) 139.78(10) C(6)-Co(2)-C(3) 104.66(9) 
C(7)-Co(2)-C(3) 138.70(10) C(5)-Co(2)-C(3) 102.21(10) 
C(2)-Co(2)-C(3) 39.36(8) C(6)-Co(2)-Co(1) 150.19(8) 
C(7)-Co(2)-Co(1) 96.70(8) C(5)-Co(2)-Co(1) 98.76(8) 
C(2)-Co(2)-Co(1) 50.89(6) C(3)-Co(2)-Co(1) 49.72(6) 
C(3)-C(2)-C( 1) 141.0(2) C(3)-C(2)-Co(1) 68.39(12) 
C(1)-C(2)-Co(l) 140.48(15) C(3)-C(2)-Co(2) 70.61(12) 
C(1)-C(2)-Co(2) 129.75(15) Co(1)-C(2)-Co(2) 77.65(7) 
C(2)-C(3)-C( 4) 142.1(2) C(2)-C(3)-Co(1) 71.45(12) 
C(4)-C(3)-Co(1) 145.00(16) C(2)-C(3)-Co(2) 70.03(12) 
C( 4 )-C(3 )-Co(2) 117.12(15) Co(1)-C(3)-Co(2) 78.36(7) 
0(1)-C(4)-C(3) 127.7(2) 0(5)-C(5)-Co(2) 178.0(2) 
0(6)-C(6)-Co(2) 176.7(3) 0(7)-C(7)-Co(2) 178.2(3) 
0(8)-C(8)-Co(1) 178.7(2) 0(9)-C(9)-Co(1) 178.3(2) 
C(22)-P(1)-C(10) 104.88(9) C(22)-P(1)-C(16) 103.95(9) 
C(l0)-P(l)-C(l6) 102.54(9) C(22)-P(l)-Co(1) 112.55(6) 
C(10)-P(1)-Co(1) 117.58(6) C( 16)-P( 1 )-Co( 1) 113.90(6) 
C(ll)-C(10)-C(15) 119.47(18) C(11)-C(10)-P(1) 119.87(15) 
C(15)-C(10)-P(1) 120.67(14) C(10)-C(11)-C(l2) 119.7(2) 
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C(13~(12~(11) 
C(13~(14~(15) 
C(21~(16~(17) 
C(17)-C(16)-P(1) 
C(17~(18~(19) 
C(19)-C(20~(21) 
C(23)-C(22)-C(27) 
C(27~(22)-P(1) 
C(25~(24~(23) 
C(25~(26~(27) 
120.36(19) 
120.0(2) 
118.57(19) 
118.76(15) 
120.3(2) 
120.5(2) 
119.57(18) 
117.41(15) 
120.0(2) 
120.2(2) 
C(12~(13~(14) 
C(14~(15~(10) 
C(21~(16)-P(1) 
C(18)-C(17~(16) 
C(20)-C(19~(18) 
C(16~(21~(20) 
C(23~(22)-P(1) 
C(22~(23~(24) 
C(24 ~(25~(26) 
C(26~(27~(22) 
Table 4. Anisotropic displacement parameters (A2) for sdrc4. The anisotropic 
displacement factor exponent takes the form: -2~[h2a*2U11 + ... + 2hka*b*U12] 
un u22 un un ul3 
Co(1) 0.01706(13) 0.02663(14) 0.02213(14) -o.00813(10) -0.00124(9) 
u'z 
120.23(19) 
120.28(19) 
122.67(15) 
120.8(2) 
119.5(2) 
120.3(2) 
122.72(14) 
120.19(19) 
120.1(2) 
119.9(2) 
-0.00608(10) 
Co(2) 0.02659(15) 0.02956(16) 0.02472(15) -0.00767(11) -0.00343(11) -0.00005(11) 
C(1) 0.0284(10) 0.0271(11) 0.0565(14) -0.0107(10) -o.0105(10) -0.0085(8) 
C(2) 0.0253(9) 0.0228(9) 0.0282(10) -0.0066(8) -0.0036(7) -0.0062(7) 
C(3) 0.0256(9) o1i267(10) 0.0238(9) -0.0093(8) -0.0032(7) -0.0073(8) 
C(4) 0.0384(12) 0.0446(13) 0.0396(12) -o.0250(10) 0.0080(10) -Q.0184(10) 
0(1) 0.0383(10) 0.0723(14) 0.0905(16) -o.0473(12) 0.0264(10) -o.0262(10) 
C(5) 0.0351(12) 0.0510(14) 0.0348(12) -0.0186(11) -0.0117(10) 0.0064(10) 
0(5) 0.0399(10) 0.0914(16) 0.0736(14) -0.0431(13) -0.0264(10) 0.0046(10) 
C(6) 0.0560(15) 0.0358(13) 0.0286(11) -0.0078(9) -Q.0128(10) 0.0040(11) 
0(6) 0.126(2) 0.0356(11) 0.0438(11) -0.0134(8) -0.0319(12) 0.0071(11) 
C(7) 0.0450(14) 0.0329(12) 0.0393(13) -0.0065(10) 0.0036(11) -0.0003(10) 
0(7) 0.0721(14) 0.0525(12) 0.0558(13) -0.0084(10) 0.0301(11) -Q.0101(10) 
C(8) 0.0237(9) 0.0390(11) 0.0283(10) -0.0153(9) 0.0000(8) -0.0068(8) 
0(8) 0.0275(8) 0.0690(12) 0.0550(11) -o.0327(9) -0.0023(7) -Q.0194(8) 
C(9) 0.0247(9) 0.0279(10) 0.0303(10) -o.0085(8) -o.0030(8) -o.0085(8) 
0(9) 0.0348(8) 0.0495(10) 0.0348(8) -0.0169(7) 0.0096(7) -0.0151(7) 
P(1) 0.0163(2) 0.0250(2) 0.0222(2) -0.00826(18) -o.00087(17) -0.00737(18) 
C(10) 0.0209(9) 0.0303(10) 0.0227(9) -0.0111(7) -0.0006(7) -0.0128(7) 
C(11) 0.0226(9) 0.0360(11) 0.0265(10) -0.0122(8) -0.0015(7) -0.0095(8) 
C(12) 0.0233(10) 0.0461(12) 0.0304(10) -0.0174(9) 0.0041(8) -Q.0144(9) 
C(13) 0.0369(11) 0.0441(12) 0.0238(10) -Q.0118(9) 0.0029(8) -0.0251(10) 
C(14) 0.0381(11) 0.0355(11) 0.0286(10) -0.0040(9) -0.0070(9) -Q.0174(9) 
C(15) 0.0251(10) 0.0322(11) 0.0299(10) -0.0083(8) -o.0046(8) -Q.0114(8) 
C(16) 0.0228(9) 0.0256(9) 0.0231(9) -0.0082(7) 0.0015(7) -0.0093(7) 
C(17) 0.0282(10) . 0.0303(10) 0.0317(10) -Q.0106(8) -o.0042(8) -0.0087(8) 
C(18) 0.0448(13) 0.0370(12) 0.0344(12) -Q.0169(9) -o.0013(10) -0.0159(10) 
C(19) 0.0417(13) 0.0335(11) 0.0388(12) -0.0181(10) 0.0079(10) -0.0101(10) 
C(20) 0.0287(11) 0.0361(12) 0.0473(13) -0.0171(10) 0.0009(9) -o.0016(9) 
C(21) 0.0256(10) 0.0341(11) 0.0372(11) -0.0150(9) -o.0035(8) -0.0046(8) 
C(22) 0.0170(8) 0.0231(9) 0.0308(10) -0.0093(8) -o.0037(7) -o.0047(7) 
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C(23) 
C(24) 
C(25) 
C(26) 
C(27) 
Table 5. 
for sdrc4. 
H(IA) 
H(IB) 
H(IC) 
H(4) 
H(ll) 
H(12) 
H(13) 
H(14) 
H(15) 
H(17) 
H(18) 
H(19) 
H(20) 
H(21) 
H(23) 
H(24) 
H(25) 
H(26) 
H(27) 
0.0277(10) 
0.0391(12) 
0.0262(10) 
0.0174(9) 
0.0196(9) 
0.0302(10) 
0.0375(12) 
0.0337(12) 
0.0360(12) 
0.0353(11) 
0.0322(10) -0.0125(8) 
0.0414(12) -0.0159(10) 
0.0652(16) -0.0198(11) 
0.0590(15) -0.0165(11) 
0.0365(11) -0.0135(9) 
-0.0049(8) 
-0.0124(10) 
-0.0163(10) 
-0.0007(9) 
0.0009(8) 
Hydrogen coordinates and isotropic displacement parameters (A2) 
X y z u 
0.1626 -0.0767 0.1712 0.056 
0.1115 -0.1455 0.2997 0.056 
0.2297 -0.2359 0.2348 0.056 
0.5542 -0.1705 0.1214 0.046 
0.5037 0.1900 0.0972 0.033 
0.6391 0.3079 -0.0609 0.038 
0.5363 0.5148 
-0.1857 0.039 
0.2981 0.6085 -0.1538 0.040 
0.1626 / 0.4958 0.0055 0.034 0.2685 0.3538 0.3342 0.035 
0.1545 0.5312 0.4069 0.044 
-0.0668 0.6629 0.3659 0.046 
-0.1721 0.6168 0.2508 0.047 
-0.0581 0.4396 0.1765 0.038 
0.1684 0.2472 -0.0222 0.034 
0.0043 0.1813 -0.0766 0.043 
-0.1782 o:o99I 0.0522 0.047 
-0.1992 0.0843 0.2351 0.045 
-0.0355 0.1484 0.2904 0.036 ' 
-0.0105(8) 
-0.0132(10) 
-0.0075(9) 
-0.0102(8) 
-0.0089(8) 
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Table I. Crystal data and structure refinement for sdrc3. 
Identification code 
Chemical formula 
F orrnula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
Cell volwne 
z 
Calculated density 
Absorption coefficient I! 
F(OOO) 
Crystal colour and size 
Reflections for cell refinemenf 
Data collection method 
e range for data collection 
Index ranges 
Completeness to e = 26.00° 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F2>2cr 
Absorption correction 
Min. and max. transmission 
Structore solution 
Refinement method 
Weighting parameters a, b 
Data I restraints I parameters 
Final R indices [F2>2cr] 
R indices (all data) 
Goodness-of-fit on F2 
Largest and mean shiftlsu 
Largest diff. peak and hole 
sdrc3 
c,,H2sCo20J' 
666.36 
150(2)K 
MoKa, 0.71073 A 
triclinic, P 1 
a= 9.2075(6) A 
b = 10.2547(7) A 
c = 16.0818(10) A 
1482.56(17) A' 
2 
1.493 g/cm3 
1.217 mm"1 
680 
a= 80.830(2)0 
J3 = 83.448(2)0 
y = 83.625(2)0 
dark red, 0.59 x 0.18 x 0.09mm3 
7342 (e range 2.47 to 28.91 °) 
Broker SMART 1000 CCD diffractometer 
ro rotation with narrow frames 
1.29 to 28.95° 
h -12 to 12, k -13 to 13,1-21 to 20 
99.3% 
0% 
13190 
6852 (R;., = 0.0168) 
5626 
semi -empirical from equivalents 
0.534 and 0.898 
Patterson synthesis 
Full-matrix least-squares on F2 
0.0411,0.4871 
6852101381 
RI= 0.0304, wR2 = 0.0746 
RI = O.Q413, wR2 = 0.0811 
1.049 
0.003 and 0.000 
0.621 and -0.253 e A-3 
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Table 2. Atomic coordinates aod equivalent isotropic displacement paraii!eters (N) 
for sdrc3. Uoq is defined as one third of the trace of the orthogonalized U'' tensor. 
X y z U"' 
Co(l) 0.72944(3) 0.05233(2) 0.296866(15) 0.01761(7) 
Co(2) 0.62597(3) 0.27068(2) 0.230007(16) 0.02279(7) 
C(1) 0.3766(2) 0.0857(2) 0.31103(14) 0.0330(5) 
C(2) 0.5282(2) 0.10437(18) 0.26877(12) 0.0215(4) 
C(3) 0.6155(2) 0.09278(17) 0.19804(12) 0.0203(4) 
C(4) 0.6088(2) 0.05120(19) 0.11327(12) 0.0239(4) 
0(1) 0.74717(16) 0.06363(15) 0.06414(9) 0.0312(3) 
C(5) 0.4837(2) 0.1345(2) 0.06976(12) 0.0250(4) 
C(6) 0.3396(2) 0.1022(2) 0.09188(13) 0.0310(5) 
C(7) 0.2237(2) 0.1837(2) 0.05706(14) 0.0367(5) 
C(8) 0.2499(3) 0.2968(2) 0.00006(14) 0.0380(5) 
C(9) 0.3923(3) 0.3285(2) -0.02289(14) 0.0364(5) 
C(10) 0.5094(2) 0.2475(2) 0.01160(13) 0.0300(4) 
C(11) 0.6371(3) 0.3480(2) 0.32194(14) 0.0337(5) 
0(11) 0.6435(2) 0.39329(18) 0.38156(11) 0.0548(5) 
C(12) 0.7691(2) 0.3242(2) 0.14738(14) 0.0300(4) 
0(12) 0.85452(19) 0.35647(17) 0.09356(10) 0.0444(4) 
C(13) o.4616(3Y 0.3614(2) 0.19385(14) 0.0334(5) 
0(13) 0.3532(2) 0.41425(17) 0.17420(13) 0.0528(5) 
C(14) 0.6874(2) 0.06232(19) 0.40750(12) 0.0245(4) 
0(14) 0.65288(19) 0.06763(17) 0.47733(9) 0.0419(4) 
C(15) 0.9152(2) .. 0.0900(2) 0.26624(13) 0.0272(4) 
0(15) 1.03043(17) 0.12162(19) 0.24755(11) 0.0484(4) 
P(1) 0.76345(5) -0.16647(5) 0.31529(3) 0.01802(10) 
C(16) 0.8341(2) -0.23694(18) 0.41694(12) 0.0227(4) 
C(17) 0.9401(2) -0:1710(2) 0.44502(13) 0.0283(4) 
C(18) 0.9939(3) -0.2156(2) 0.52283(14) 0.0369(5) 
C(19) 0.9432(3) -0.3251(2) 0.57347(15) 0.0431(6) 
C(20) 0.8416(4) -0.3931(3) 0.54588(16) 0.0526(7) 
C(21) 0.7874(3) -0.3502(2) 0.46784(14) 0.0380(5) 
C(22) 0.5917(2) -0.23925(18) 0.31499(12) 0.0208(4) 
C(23) 0.4879(2) -0.2446(2) 0.38554(14) 0.0308(5) 
C(24) 0.3488(2) -0.2816(2) 0.38104(16) 0.0382(5) 
C(25) 0.3096(2) -0.3087(2) 0.30536(16) 0.0368(5) 
C(26) 0.4115(2) -0.3035(2) 0.23500(14) 0.0313(5) 
C(27) 0.5526(2) -0.27106(19) 0.23967(12) 0.0243(4) 
C(28) 0.88987(19) -0.24882(18) 0.23910(11) 0.0203(4) 
C(29) 0.9218(2) -0.38672(19) 0.25379(13) 0.0257(4) 
C(30) 1.0183(2) -o.4506(2) 0.19719(13) 0.0297(4) 
C(31) 1.0837(2) -o.3772(2) . 0.12513(13) 0.0296(4) 
C(32) 1.0518(2) -0.2420(2) 0.10977(13) 0.0306(5) 
C(33) 0.9549(2) -o.1767(2) 0.16665(12) . 0.0264(4) 
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Table 3. Bond lengths (A] and angles (0 ] for sdrc3. 
Co(l)-C(15) . 1.792(2) Co(1)-C(14) 1.794(2) 
Co(1)-C(2) 1.9540(18) Co(1)-C(3) 1.9681(18) 
Co(1)-P(l) 2.2075(5) Co(1)-Co(2) 2.4638(4) 
Co(2)-C(13) 1.792(2) Co(2)-C(ll) 1.803(2) 
Co(2)-C(l2) 1.825(2) Co(2)-C(3) 1.9877(18) 
Co(2)-C(2) 1.9955(19) C(1)-C(2) 1.499(3) 
C(2)-C(3) 1.329(3) C(3)-C(4) 1.501(3) 
C(4)-0(1) 1.427(2) C(4)-C(5) 1.524(3) 
C(5)-C(l0) 1.392(3) C(5)-C(6) 1.396(3) 
C(6)-C(7) 1.393(3) C(7)-C(8) 1.384(3) 
C(8)-C(9) 1.381(3) C(9)-C(!O) 1.397(3) 
C( 11 )-0( 11) 1.140(3) C(12)-0(12) 1.135(3) 
C(13)-0(13) 1.135(3) C(14)-0(14) 1.140(2) 
C(15)-0(15) 1.137(2) P(1)-C(22) 1.8228(19) 
P(1)-C(28) 1.8318(18) P(1)-C(16) 1.8382(19) 
C(l6)-C(21) 1.389(3) C(16)-C(17) 1.400(3) 
C(17)-C(18) 1.389(3) C(18)-C(19) 1.371(3) 
C(19)-C(20) 1.378(4) C(20)-C(21) 1.391(3) 
C(22)-C(23) 1.395(3) C(22)-C(27) 1.398(3) 
C(23)-C(24) 1.389(3) C(24)-C(25) 1.385(3) 
C(25)-C(26) / 1.383(3) C(26)-C(27) 1.389(3) 
C(28)-C(33) 1.388(3) C(28)-C(29) 1.400(3) 
C(29)-C(30) 1.387(3) C(30)-C(31) 1.391(3) 
C(31)-C(32) 1.374(3) C(32)-C(33) 1.399(3) 
C(15)-Co(1)-C(14) 108.59(9) C(15)-Co(l)-C(2) 142.36(8) 
C(14)-Co(1)-C(2) 94.73(8) C(15)-Co(1)-C(3) 109.89(8) 
C(14)-Co(1)-C(3) 134.18(8) C(2)-Co(l )-C(3) 39.63(8) 
C( 15)-co( 1 )-P( 1) 99.54(7) C(14)-Co(1)-P(1) 94.41(6) 
C(2)-Co(1)-P(1) 107.87(6) C(3)-Co(1)-P(l) 102.75(5) 
C(15)-Co(1)-Co(2) 93.23(6) C(14)-Co(1)-Co(2) 102.42(6) 
C(2)-Co(1)-Co(2) 52.16(5) C(3)-Co(l)-Co(2) 51.84(5) 
P(1)-Co(1)-Co(2) 154.428(18) C(13)-Co(2)-C(11) 99.19(10) 
C(13)-co(2)-C(12) 103.66(10) C(11)-Co(2)-C(12) 109.60(10) 
C(13)-Co(2)-C(3) 102.45(9) C(11)-Co(2)-C(3) 140.43(9) 
C(12)-Co(2)-C(3) 96.96(8) C(13)-Co(2)-C(2) 93.06(9) 
C(11)-Co(2)-C(2) 107.62(9) C(12)-Co(2)-C(2) 135.76(9) 
C(3)-Co(2)-C(2) 38.99(7) C(13)-Co(2)-Co(1) 143.71(7) 
C(11)-Co(2)-Co(1) 93.20(7) C(12)-Co(2)-Co(1) 103.98(7) 
C(3)-Co(2)-Co(1) 51.12(5) C(2 )-Co(2)-Co( 1) 50.65(5) 
C(3)-C(2)-C(1) 143.66(18) C(3)-C(2)-Co(1) 70.76(11) 
C(1)-C(2)-Co(1) 136.74(14) C(3)-C(2)-co(2) 70.19(11) 
C( 1 )-C(2)-Co(2) 129.87(14) Co(1)-C(2)-Co(2) 77.18(7) 
C(2)-C(3)-C(4) 138.76(17) C(2)-C(3)-Co(l) 69.62(11) 
C(4)-C(3)-Co(1) 140.90(13) C(2)-C(3)-Co(2) 70.82(11) 
C(4)-C(3)-Co(2) 130.84(13) Co(l)-C(3)-Co(2) 77.04(7) 
0(1)-C(4)-C(3) 109.54(15) 0(1)-C(4)-C(5) 112.18(16) 
C(3)-C(4)-C(5) 109.27(15) C(l0)-C(5)-C(6) 119.07(19) 
C(10)-C(5)-C(4) 120.99(18) C(6)-C(5)-C(4) 119.82(18) 
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C(7}-C(6}-C(5) 
C(9)-C(8}-C(7) 
C(5)-C(10)-C(9) 
0(12)-C(12}-Co(2) 
0(14)-C(14}-Co(1) 
C(22)-P(1}-C(28) 
C(28)-P(l}-C(16) 
C(28)-P(1)-Co(1) 
C(21 }-C(16}-C( 17) 
C(17}-C(16)-P(1) 
C(19)-C(18}-C(17) 
C(19}-C(20}-C(21) 
C(23}-C(22}-C(27) 
C(27}-C(22)-P(1). 
C(25}-C(24}-C(23) 
C(25)-C(26}-C(27) 
C(33}-C(28}-C(29) 
C(29}-C(28)-P(1) 
C(29}-C(30}-C(31) 
C(31)-C(32}-C(33) 
/ 
120.1(2) 
119.7(2) 
120.3(2) 
177.14(19) 
176.19(18) 
103.61(8) 
102.75(8) 
119.17(6) 
118.23(18) 
117.66(14) 
120.2(2) 
120.6(2) 
118.74(18) 
119.86(14) 
120.2(2) 
120.5(2) 
119.19(17) 
119.72(14) 
119.83(19) 
120.51(19) 
C(8)-C(7)-C(6) 
C(8}-C(9)-C(10) 
0(11)-C(11}-Co(2) 
0(13)-C(13}-Co(2) 
0(15)-C(15}-Co(1) 
C(22)-P(1)-C(16) 
C(22)-P(1)-Co(1) 
C(16)-P(1)-Co(1) 
C(21)-C(16)-P(1) 
C(18}-C(17}-C(l6) 
C(18}-C(19}-C(20) 
C(l6)-C(21}-C(20) 
C(23}-C(22)-P(1) 
C(24)-C(23}-C(22) 
C(26)-C(25}-C(24) 
C(26)-C(27}-C(22) 
C(33}-C(28)-P(1) 
C(30)-C(29}-C(28) 
C(32}-C(31 }-C(30) 
C(28}-C(33}-C(32) 
120.6(2) 
120.3(2) 
177.9(2) 
176.2(2) 
175.9(2) 
105.81(9) 
111.26(6) 
112.98(6) 
124.11(16) 
120.7(2) 
119.8(2) 
120.3(2) 
120.64(15) 
120.5(2) 
119.6(2) 
120.24(18) 
121.09(14) 
120.50(19) 
120.06(18) 
119.91(19) 
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Table 4. Anisotropic displacement parameters (A2) for sdrc3. The anisotropic 
displacement factor exponent takes the form: -27t2[h2a*2U11 + ... + 2hka*b*U12] 
un u22 u33 0 23 0 13 0 12 
Co(l) 0.01624(12) 0.01864(13) 0.01831(13) -0.00267(9) -0.00318(9) -0.00178(9) 
Co(2) 0.02492(14) 0.01857(13) 0.02551(14) -0.00353(10) -0.00645(10) -0.00045(10) 
C(1) 0.0203(10) 0.0434(13) 0.0334(11) -0.0007(9) -0.0026(8) -0.0015(9) 
C(2) 0.0199(9). 0.0209(9) 0.0242(9) -0.0017(7) -0.0072(7) -0.0008(7) 
C(3) 0.0209(9) 0.0172(8) 0.0232(9) -0.0016(7) -0.0072(7) -0.0006(7) 
C(4) 0.0269(10) 0.0227(9) 0.0227(9) -0.0039(7) -0.0055(8) -0.0006(8) 
0(1) 0.0298(8) 0.0377(8) 0.0252(7) -0.0083(6) -0.0026(6) 0.0057(6) 
C(5) 0.0279(10) 0.0283(10) 0.0203(9) -0.0070(8) -0.0069(8) 0.0004(8) 
C(6) 0.0351(11) 0.0351(11) 0.0255(10) -0.0071(9) -0.0076(9) -0.0061(9) 
C(7) 0.0270(11) 0.0515(14) 0.0347(12) -0.0142(10) -0.0074(9) -0.0019(10) 
C(8) 0.0368(12) 0.0431(13) 0.0353(12) -0.0101(10) -0.0171(10) 0.0101(10) 
C(9) 0.0456(13) 0.0353(12) 0.0268(11) 0.0008(9) -0.0124(10) 0.0048(10) 
C(10) 0.0324(11) 0.0326(11) 0.0246(10) -0.0025(8) -0.0064(8) 0.0003(9) 
C(11) 0.0427(13) 0.0239(10). 0.0359(12) -0.0055(9) -0.0083(10) -0.0028(9) 
0(11) 0.0893(15) 0.0392(10) 0.0421(10) -0.0165(8) -0.0161(10) -0.0085(9) 
C(12) 0.0358(12) 0.0244(10) 0.0310(11) -0.0015(8) -0.0102(9) -0.0055(9) 
0(12) 0.0493(10) q,o'476(10) 0.0360(9) 0.0001(8) 0.0016(8) -0.0187(8) 
C(13) 0.0388(12) 0.0240(10) 0.0388(12) -0.0101(9) -0.0100(10) 0.0050(9) 
0(13) 0.0472(10) 0.0408(10) 0.0733(13) -0.0187(9) -0.0273(9) 0.0192(8) 
C(14) 0.0245(10) 0.0238(10) 0.0254(10) -0.0046(8) -0.0033(8) -0.0011(8) 
0(14) 0.0573(11) 0.0452(10) 0.0234(8) -0.0120(7) 0.0031(7) -0.0022(8) 
C(15) 0.0233(10) 0.0296(10) 0.0279(10) 0.0014(8) -0.0063(8) -0.0033(8) 
0(15) 0.0251(8) 0.0668(12) 0.0523(11) 0.0041(9) -0.0034(7) -0.0186(8) 
P(1) 0.0174(2) 0.0194(2), 0.0173(2) -0.00331(17) -0.00144(17) -0.00163(17) 
C(16) 0.0263(10) 0.0223(9) 0.0193(9) -0.0042(7) -0.0040(7) 0.0013(7) 
C(17) 0.0250(10) 0.0315(11) 0.0277(10) 0.0006(8) -0.0082(8) -0.0017(8) 
C(18) 0.0355(12) 0.0416(13) 0.0355(12) -0.0065(10) -0.0157(10) 0.0024(10) 
C(19) 0.0613(16) 0.0403(13) 0.0271(12) 0.0011(10) -0.0179(11) 0.0038(12) 
C(20) 0.087(2) 0.0364(13) 0.0351(13) 0.0112(11) -0.0189(13) -0.0171(13) 
C(21) 0.0587(15) 0.0261(11) 0.0314(12) 0.0008(9) -0.0127(10) -0.0128(10) 
C(22) 0.0195(9) 0.0180(8) 0.0253(9) -0.0043(7) -0.0003(7) -0.0032(7) 
C(23) 0.0294(11) 0.0350(11) 0.0307(11) -0.0135(9) 0.0057(8) -0.0112(9) 
C(24) 0.0280(11) 0.0435(13) 0.0449(13) -0.01?1(11) 0.0108(10) -0.0138(10) 
C(25) 0.0230(11) 0.0345(12) 0.0543(15) . -0.0063(10) -0.0019(10) -0.0120(9) 
C(26) 0.0314(11) 0.0291(11) 0.0364(12) -0.0037(9) -0.0112(9) -0.0094(9) 
C(27) 0.0244(10) 0.0234(9) 0.0253(10) -0.0016(8) -0.0038(8) -0.0041(8) 
C(28) 0.0164(8) 0.0249(9) 0.0201(9) -0.0054(7) -0.0036(7) 0.0007(7) 
C(29) 0.0231(10) 0.0257(10) 0.0275(10) -0.0043(8) -0.0005(8) -0.0007(8) 
C(30) 0.0294(11) 0.0260(10) 0.0347(11) -0.0100(9) -0.0054(9) 0.0038(8) 
C(31) 0.0214(10) 0.0421(12) 0.0257(10) -0.0125(9) -0.0040(8) 0.0078(9) 
C(32) 0.0263(10) 0.0412(12) 0.0208(10) -0.0023(9) 0.0019(8) 0.0041(9) 
C(33) 0.0267(10) 0.0267(10) 0.0239(10) -0.0015(8) -0.0021(8) 0.0012(8) 
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Table 5. Hydrogen coordinates and isotropic displacement parameters (N) for sdrc3. 
X y z u 
H(1A) 0.3042 0.1393 0.2765 0.050 
H(lB) 0.3672 0.1136 0.3671 0.050 
H(1C) 0.3594 -o.0081 0.3171 0.050 
H(4) 0.5884 -0.0440 0.1222 0.029 
H(1) 0.7557 0.0143 0.0265 0.047 
H(6) 0.3206 0.0245 0.1307 0.037 
H(7) 0.1258 0.1615 0.0726 0.044 
H(8) 0.1703 0.3524 -0.0231 0.046 
H(9) 0.4106 0.4056 -0.0623 0.044 
H(lO) 0.6072 0.2696 -o.0047 0.036 
H(l7) 0.9756 -0.0948 0.4105 0.034 
H(18) 1.0662 -o.1702 0.5410 0.044 
H(19) 0.9780 -0.3539 0.6274 0.052 
H(20) 0.8082 -0.4701 0.5805 0.063 
H(21) 0.7181 -0.3985 0.4493 0.046 
H(23) 0.5127 -o.2228 0.4371 0.037 
H(24) 0.2803 -o.2884 0.4300 0.046 
H(25) 0.2132 / -0.3307 0.3018 0.044 
H(26) 0.3849 -D.3222 0.1831 0.038 
H(27) 0.6227 -0.2705 0.1915 0.029 
H(29) 0.8770 -0.4370 0.3029 0.031 
H(30) 1.0398 -0.5442 0.2076 0.036 
H(31) 1.1504 -o.4207 0.0865 0.036. 
H(32) 1.0959 -o.1925 0.0602 0.037 
H(33) 0.9336 -0.0831 0.1557 0.032 
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A simple method for the preparation of heterobimetallic 
alkyne complexes 
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Abstract-A new, faster and cleaner method for the synthesis of heterobimetallic alkyne complexes is reported. Higher yields than 
previously obtained are achieved and in some cases moderate stereoselectivity has also been observed. 
© 2004 Elsevier Ltd. All rights reserved. 
/ 
The use of bimetallic alkyne complexes has been pre· 
valent in the literature for more than 30 years. Initially 
investigated for their structural attributes, they are now 
' more commonly exploited for their unique reactivity. In 
this respect, the Pauson-Khand1 and Nicholas2 reac-
tions are the most familiar reactions that employ these 
complexes. Bis-cobalt complexes continue to be the 
most accessible structures, however, in re~ent years 
other metals have seen some use. In this regard, we 
introduced the heterobimetallic cobalt-molybdenum 
species as Pauson-Khand substrates, and showed they 
are capable of producing a stereospecific reaction.' 
Further work has increased the scope of the reaction 
and highlighted some interesting regia and stereochem-
ical issues." Very recently, the corresponding cobalt-
tungsten complexes have also been subjected to the 
reaction, and produced similar reactivity.4h This paper 
also suggests that the tungsten analogues offer advan-
tages over the molybdenum complexes since they can be 
prepared in higher yields and shorter reaction times. 
This paper will show an improved method for the pro-
duction of the Co-Mo alkyne complexes, which cir-
cumvents these problems. 
When we began work in this area, we utilised existing 
methodology' whereby the CpMo(C0)3 anion is gen-
erated in situ, and then allowed to react with the bis-
cobalt alkyne of choice. A nucleophilic substitution 
takes place to produce the product. A similar reaction 
Keywords: Organometallic; Metal-alkyne complexes. 
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also gives the tungsten" analogue. Although this is a 
relatively simple process, it is very time consuming. The 
cyclopentadiene must be cracked from its dimer, then 
deprotonated with sodium hydride. Reaction with 
Mo(C0)6 or W(CO)o requires ovemight reflux for for-
mation of the cyclopentadienyl metal carbonyl anion. 
When this is formed, reaction with the cobalt complex 
takes a further 1-2 h. Overall, including purification, the 
whole process can take 24 h. We wanted a much quicker 
and simpler route to these valuable complexes. In this 
regard, we were keen to adapt the Gladysz methodol-
ogy' for the production of the CpMo(C0)3 anion. Here, 
the corresponding, and commercially available, dimer 
[CpMo(CO)Jh is reacted with L-Selectride to give the 
monomeric anion. Gladysz has shown a number of 
metal carbonyl dimers reacting with various electro-
philes to produce the alkylated or acylated metals. We 
reasoned that reaction with a bis-cobalt alkyne would 
give the desired complexes. 
Addition of L-Selectride to a solution of the dimer 
produced the monomeric anion in a virtually instanta-
neous reaction. The reaction can be followed visually 
since the dimer is purple and the anion is orange. We 
attempted to isolate the anion, but it proved too air and 
moisture sensitive. However, addition of a bis-cobalt 
alkyne produced the heterobimetallic complexes as 
expected (Scheme I, Table 1).7 In all cases, the new 
complex is more polar than the starting material, and 
the reaction can easily be monitored by TLC. 
We were delighted to find that yields were comparable 
or higher than those already obtained for complexes we 
had prepared previously. However, extension of the 
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i)THF, RT I L-Selectride 
1 h t 
R1 R2 LI[MoCp(CO),) R1 R2 (OC),C~o(CO),--::ii)-::R-e-::flu-x-, -::1 .-2 -::h-(OC),C~oCp(CO), 
1 
Scheme 1. · 
Table 1. IsolobaJ displacement with CpMo(C0)3 
R' R' Co/Mo-alkyne Yield ("/o) 
complex 
H CH20H 2a 68 (65)' 
H Ph 2b 61 (58)' 
H (CH2)>CH3 2c 62 (61)' 
CH, CH3 2d 92 (66)' 
Ph Ph 2e 89 (65)' 
H CH2CH20H 2f 48 
H CH20Menthyl 2g 85 (78)' 
H CH2CH(OH)CH20Bn 2h 56 
CH, CHO 21 72 
CH, CH(OEt)2 2ib 77' 
CH, C(CH3)CH2 2) 70 
CH, CH=CHC02Me 2k / 76 
Et C(O)CH3 21 54 
Ph CH(OEt), 2m 81 
Ph Si( CH,), 2n 69 
C02 Me C02Me 2o 51 
Conditions: L-Selectride, THF, then addition of alkyne-Co2(C0)6 
complex, THF, reflux, 1-2 h. 
• Results in parentheses obtained from previous isolobal displacement 
methodology. 3•5 
b The aldehyde was isolated. 
methodology has shown that functional group tolerance 
is also good, and we can use aldehydes, ketones, free 
alcohols and esters as shown in Table I. The only 
problem case was using propargyl bromide, although it 
is unclear whether this is due to nucleophilic substitution 
of the bromide or to in situ Nicholas propargylic cation 
formation. 
It is believed that the increases in yield are due to the 
more efficient conversion of the molybdenum cyclo-
pentadienyltricarbonyl dimer to its corresponding salt, 
Li[MoCp(C0)3], than when N aCp is reacted with 
Mo(C0)6 under thermal conditions. Reactions also 
proceed more cleanly than before, with less degradation 
products being formed during the reaction. Therefore 
time consuming work-ups were not needed: the reaction 
mixture can simply be filtered through a pad of Celite 
and silica. 
However, care needs to be taken upon scale up of the 
reaction due to the larger quantities of trialkyl boranes 
being produced. As noted by Gladysz, this can lead to a 
highly exothermic reaction upon filtering during the 
work-up of the reaction. 
Attempts were also made at a reverse-type isolobal 
displacement reaction. The dimolybdenum alkyne 
2 
H Ph 
Phenylacetylene ~
rt, 2h (OCJ.CpMo • ,, MoCp(COJ. 
3 4 
Scheme 2. 
complex 4 was formed from the triple bonded Mo-Mo 
species 3.8 Exposure of this to phenylacetylene at room 
temperature produced the required complex in 57% 
yield (Scheme 2). 
Dicobalt octacarbonyl was exposed to L-Selectride, 
which gave a pale blue anion, compared to the yellow/ 
orange colour seen with the corresponding Mo-dimer. 
Complex 4 was added to the cobalt anion and left for l h 
at ambient temperature. However, no reaction was 
observed even after refluxing for an extended period of 
time. This may be due to the relatively poor nucleo-
philicity of the Co(CO.)- anion, or the increased thermo-
dynamic stability of the Mo-Mo bond. 
Our attention then turned towards investigating the 
applicability of this reaction in the preparation of dia-
stereomerically enriched Co/Mo-complexes. McGlin-
chey and eo-workers have shown' that camphor derived 
alkynols can produce a diastereoselective isolobal dis-
placement. However, only a 2:1 ratio was obtained. 
Therefore the displacement was attempted on a range of 
simple substituted alkynols that were commercially 
available. Scheme 3 and Table 2 show the yield and 
diastereoselectivity of the reactions at room temperature 
and at reflux. Yields were comparable between the two 
sets of conditions. However, reaction times were much 
shorter with the higher temperature and stereoselectivi-
ties up to reasonable levels were obtained. The diaste-
reoselectivities were easily obtained from the 1 H NMR 
spectra of the mixtures. At this point it is unclear why 
there is a difference in the diastereoselectivity at different 
temperatures, and between the substrates. However, the 
results have been reproduced. 
We have not ruled out the possibility of epimerisation of 
the propargylic centre through intervention of a Nicho-
las carbocation during the course of the reaction. 
We wondered whether the hydroxyl group was playing a 
key role in the displacement by directing the incoming 
nucleophile through prior coordination to the moly-
bdenum anion. Substitution of the alcohol moiety for a 
methoxy group would inhibit any hydrogen bonding 
that may be influencing the stereochemistry. Scheme 4 
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[Mo,Cp,(C0)61 
I) THF, AT I L-Selectride 
1 h t H.._ *A' U[MoCp(COhl ~''"~A' ii) Reflux, 1-2 h or 
rt, 4-6 days (OC),Co ' ,,, MoCp(C0)3 
6 
Scheme 3. 
Table 2. Isolobal displacements of chiral alkynols 
R' R' Conditions• Co/Mo-alkyne complexes Yield(%) De(%) 
H Me A 6a 41 33 
B 6a 48 36 
H 'Pr A 6b 56' 74 
B 6b 55 6 
H Ph A 6c 48' 30 
B 6c 50 71 
Camphor" B 6d 32 2 
a condition A: L-Se!ectride, THF, then addition of Co2(C0)6 complex, THF, rt, 4-6d. Condition B: L-Selectride, THF, then addition.of alkyne-
Co2(C0)6 complex, THF, reflux, l-2h. 
b Based on recovered starting material. 
c Alkyne precursor to complex 6d was prepared from the addition of lithium acetylide to (+)-camphor. 
/ 
[Mo2Cp,(CO)el 
I) THF, RTI L-Selectnde 
1 h ' OH 1 BF3 Et20 0Me1 H~ ~A MeOH H~ ~A LI[MoCp(COhl 
~""'~ R2 1 h, rt ·,~""': A2 ii) Reflux, 1·2 h 
H~ ~~~ 
~An~A2 (OC),Co Co(CO), (OC),Co Co(CO), (OC),Co. 11 MoCp(C0)2 
5 7 8 
Scheme 4, 
Table 3. Displacement of methoxy substituted complexes 
R' R' Co/Co-alkyne complex Yield ~/o) Co/Mo-alkyne complex Yield(%) De(%) 
H Me 7a 88 Sa 61 17 
H ;Pr 7b 88 Sb 46 31 
H Ph 7c S9 Se 53 47 
Conditions: L-Selectride, THF, then addition of alkyne-C~(C0)6 complex, reflux, 1-2 h. 
and Table 3 show the yields for methylation and the 
subsequent isolobal displacements, which were all car-
ried out under reflux conditions. 
The methoxy complexes were obtained in excellent 
yields via standard Nicholas reactions. In the case of the 
displacement reaction, yields were comparable to those 
obtained in the previous case, although the diastereo-
selectivity achieved was a little disappointing. For 
methyl and phenyl substituted alkynols, the diastereo-
meric ratio has decreased. However, for the 'Pr alkynol 
the ratio has increased under the same conditions. 
Other methods were also attempted to make stereo-
enriched heterobimetallic alkyne complexes. Gladysz 
et a!. 6 proposed that there was no metal carbonyl-tri-
alkyl borane interaction taking place, due to observed 
IR spectroscopy. However, when used for hydride 
transfer reactions, it has been noted that trialkyl borane 
interactions occur during the formation of anionic metal 
carbonyl formyl complexes. 10 It was thought that the 
use of a chiral borohydride reagent used during the 
splitting of the molybdenum dimer may help to induce 
chirality in the resulting bimetallic complex. For this 
purpose, commercially available (R)-alpine hydride was 
utilised in the same way as the Selectride reagents had 
been used previously. Starting with ld, complex 2d was 
isolated in 40% yield, however, rather disappointingly, 
no stereoinduction was achieved. 
In summary, we have illustrated a new approach to 
heterobimetallic alkyne complexes from commercially 
5250 A. J. F/etcher et al. I Tetrahedron Letters 45 (2004} 5247-5250 
available starting materials in short reaction times. 
Generation of the anion is self-indicating, purification 
simple and yields good to excellent. Work is ongoing 
within the group to investigate the possibility of the 
same reaction utilising tungsten. In view of their 
increasing usage in Pauson~Khand reactions and as 
chiral auxiliaries, this method should be a valuable tool 
for the synthesis of these complexes. 
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Formation of Propargylic Stereocentres using Desymmetrised Alkyne 
Complexes 
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Abstract: Addition of Grignard reagents to alkynyl aldehyde com-
plexed bimetallic system proceeds with good to excellent stereo-
control. 
Key words: asymmetric synthesis, chiral auxiliaries, transition 
metals, stereoselectivity, nucleophilic additions 
The creation of chiral centres at propargylic (prop-1-ynyl) 
positions has received some interest in the past few years. 
Methods for the preparation of stereocentres next to 
alkynes include the addition of nucleophiles to propargyl-
ic aldehydes using titanium catalysis' and boron reagents' 
and a metal catalysed ene reaction.' The other main meth-
ods have been the hydride reduction of propargylic ke-
tones with chiral borohydrides,4 in particular the CBS 
oxazaborolidine catalyst system5 and' by transfer hydroge-
nation.• The importance of this chemistry is perhaps best 
illustrated when the newly formed stereocentre is used in 
the preparation of complex natural products, such as mac-
rolactin,2 isocarbacylin derivatives,' methyl nonactate4a 
and scopadulcic acid.4< 
Our interest in metal alkyne chemistry prompted us to find 
a new method for the generation of propargylic stereocen-
tres. Of relevance to this are the extensiv'e studies by 
Nicholas7 and Hanaoka8 on the addition of enols and eno-
lates to complexed propargylic aldehydes. The metal 
group facilitates high diastereocontrol in the reaction, and 
can be readily removed to leave the organic fragment with 
the newly created chiral centres. In addition, Nicholas has 
shown that phosphine substituted cobalt alkyne complex-
es can be used to form enantio-enriched propargylic stere-
ocentres since the complex itself is rendered chiral by the 
introduction of the phosphine ligand.9 Access to products 
of this type has been achieved, again by Nicholas, by add-
ing the PPh3 ligand to the propargylic alcohol complex-
es.10 However, the diastereoselectivity was highly 
dependant on the size of the substituents. Remarkably, 
there have been, to the best of our knowledge, no reports 
of addition of Grignard or organolithium reagents to the 
same types of complexes. 
Starting with 2-butyn-1-al diethyl acetal (Scheme 1), 
complexation to cobalt was achieved simply by stirring 
with Co2(C0)8 in DCM. Treatment of the acetal with a 
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catalytic amount of p-toluene sulfonic acid gave the alde-
hyde. This was then reacted with triphenyl phosphine to 
produce the desired complex la. Complex lb was pre-
pared in an analogous manner from propynal. 
0 
H < 
H 
Scheme 1 
1a, A .. Me, 55% 
1b, A"' H, 63% 
With the desired aldehyde in hand, we reacted this with a 
series of nucleophiles. All the reactions outlined in 
Scheme 2 proceeded quickly at low temperature (-78 'C) 
in THF to give the corresponding alcohols. The diastere-
oisomeric excess was measured directly in most cases 
since the complexes were easily separable by chromatog-
raphy. With inseparable complexes, the diasteromeric ex-
cess was estimated from the 1H NMR spectra. The results 
show that excellent diastereoisomeric excesses are 
achieved with all the nucleophiles we studied. 
f\ JH 
Ph,f'...... Ef~ j;O ~r-c,O..co 
OC CO CO 
1a,b 
Scheme 2 
R'MgX 
THF, -78"C 
?HA' 
f\ )<::"H 
Ph,R...._ b'~ ;;o 
.... crc,o...co 
oc eo eo 
2 
In order to account for the stereocontrol, we obtained X-
ray crystal structures of the starting metal alkyne complex 
and one of the products. 11 The aldehyde, la, is shown in 
Figure I. The complex adopts the typical configuration of 
the metal-metal bond being perpendicular to the alkyne 
bond. Of more interest is the orientation of the aldehyde 
group where the oxygen is syn to the two cobalt atoms. 
•• 
' 
' 
.. 
: 
• 
l 
c 
I 
I 
I 
•• 
I 
•• 
~ 
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Table 1 Addition of Grignard Reagents to Complex 1 
Entry R R'MgX de(%) yield(%) 
a Me MeMgBr 90 92 
b Me EtMgBr 76 93 
c Me PhMgCI >95 95 
d Me i-BuMgBr >95 74 
e H PhMgCI' >95 96 
f H MeMgBr 88 89 
Reactions carried out in THF at -78 °C. A representative experimen-
tal is given below. All complexes in this table gave satisfactory 
spectroscopic and analytical data. 
Thus one face of the aldehyde is almost completely 
blocked by the bulky triphenyl phosphine ligand. X-ray 
analysis of the product 2c, Figure 2, shows the phenyl 
group, derived from PhMgCl, syn to the Co(C0)3 vertex, 
away from the Co(CO),PPh3 group. Although the X-ray · 
structures do not necessarily reflect the reactive confor-
mation in solution, this conformation of the aldehyde does 
allow the Grignard reagent to approach ami to the bulky 
PPh3 ligand. 
/ 
t24l 
Ct231 
Figure 1 X-ray structure of la 
Cl71 
Figure 2 X-ray structure of 2c 
LETTER 
An alternative mechanism may involve initial attack on a 
carbon monoxide ligand, followed by migration to the al-
dehyde to produce the product. Whilst we have no direct 
evidence for this, we have noticed there is a difference in 
reactivity between Grignard reagents and organolithiums. 
The Grignard reagents used, as shown in Table 1, pro-
duced the products cleanly and in high yield. However, 
when the corresponding organolithium reagents were em-
ployed, none of the desired product was isolated, the reac-
tion mixture mostly decomposing on work-up. 
We were also interested in the corresponding hetereobi-
metallic alkyne complexes, where one of the Co(C0)3 
vertices is replaced by CpMo(C0)2• We have used this 
type of complex to effect stereospecific Pauson-Khand 
reactions recently,12 but we were intrigued to see whether 
the scope of these complexes could be extended. In order 
to make the desired mixed metal complex 3, we wanted to 
test a new method to achieve the isolobal displacement of 
cobalt for molybdenum. Gladysz has shown that metal 
carbonyl anions can be generated by the addition of a 
borohydride source to the metal carbonyl dimer, [Cp-
Mo(C0)3lz.13 We used this technique to generate the mo-
lybdenum anion, and applied it to the isolobal 
displacement reaction. To the best of our knowledge, this 
is the first time these complexes have been generated in 
this manner and this procedure represents a much simpler 
and more effective method of synthesis of heterobimetal-
lic alkyne complexes of this type." Reaction of complex 
3 with a series of Grignard or organolithium reagents was 
then performed (Table 2). 
M' ,J-H · M"- J_ ()M~,k~ 
oq.., ~ po U [CpMo(CObl ~ Ef'~ 6 RU or RMgX , -~ j;O 
....C?f-90.....CO THF, 66•C Mr-cf. THF, ·78GC OCM C1ci.,.CO 
0C COCO 65% oc"" CO c6 CO CO CO 
1a 3 4 
Scheme 3 
Table2 Addition of Nucleophiles Reagents to Complex 3 
Entry Nucleophile de(%) yield(%) 
a n-BuLi 62 93 
b MeMgBr 72 94 
c PhLi 75 98 
d MeLi 62 95 
e PhMgBr 72 98 
f i-BuMgBr 92 95 
g MeCCMgBr 33 64 
Reactions carried out in THF at -78 °C. A representative experimen-
tal is given below. All complexes in this table gave satisfactory 
spectroscopic and analytical data. 
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Again, stereocontrol was good to excellent. X-ray struc-
ture of the starting aldehyde complex, 3, shows it has a 
similar orientation to that in the his-cobalt system. 
Figure 3 X·ray structure of 3 
However, we have as yet been unable to obtain suitable 
crystals of the products for X-ray analysis, so cannot de-
termine the relative configuration in 4. By analogy with 
the his-cobalt system, we expect that the steric bulk of the 
cyclopentadienyl ring is directing the incoming nucleo-
phile to attack from the opposite side, away from the mo-
lybdenum. The relative sizes of the two blocking groups 
(PPh3 vs Cp) may account for the drop in stereocontrol us-
ing the Co-Ma system. There may also be electronic ef-
fects in play, which allow organolithium reagents to 
produce the desired alcohol products in the Co-Ma sys-
tem, but not in the his-cobalt complexes. We are currently 
investigating this. 
The results show that good to excellent levels of stereo-
control can be gained by addition of nucleophiles to com-
plexed propargylic aldehydes. Work is continuing to 
ascertain the cause of the selectivity, and to gain access to 
enantiomerically enriched products. The latter will be 
possible from the oxidation of the optically pure propar-
gylic alcohol complex under Swem conditions, which has 
been reported by Gibson 15 and Jeong16 for the correspond- · 
ing cobalt alkyne complexes. In addition, following the 
selective addition, the bimetallic system is still present 
and can be used in a Pauson-Khand to form further stere-
ocentres. Since this has been shown to produce cyclopen-
tenones with very high levels of stereocontrol,17 this will 
allow us to form multiple carbon-carbon bonds and multi-
ple stereocentres using the metal-alkyne as the sole source 
of chirality. We are exploring this avenue and the results 
will be presented in due course. 
Preparation of 2c 
Addition of PhMgCI to Co/Co(PPh3) aldehyde complex la 
To a solution of aldehyde la (0.5 g, 0.85 mmol) in dryTHF(40 mL) 
at -78 'C was added phenyl magnesium chloride (1.7 mL of a 2 M 
Formation of Propargylic Stereocentres 1713 
solution in THF, 3.40 mmol). The resulting reaction mixture was 
left to stir at -78 °C for I h. After this time, the reaction was 
quenched with ethanol (5 mL). The reaction mixture was then al-
lowed to warm to r.t The reaction mixture was filtered through a 
pad of celite and silica to remove any metal residues and then con-
centrated in vacuo to give the product 2c as red crystals (0.537 g, 
95%). 
1H NMR (250 MHz, CDCI3): 5 = 7.74-6.82 (20 H, m), 4.98 (I H, d, 
J = 5.2 Hz), 2.15 (I H, d, J = 5.2Hz), 1.87 (3 H, s) ppm. 
13C NMR (62.9 MHz,.CDCI3): S = 205.9 (CO), 201.6 (CO), 144.5 
(Ar), 135.0 (Ar, 1lc.p=41 Hz), 133.5, (Ar, 2lc.p= 11Hz), 130.9 
(Ar, 4lc-P =3Hz), 129.1 (Ar, 3lc-P = 10Hz), 128.3 (Ar), 127.6 (Ar), 
125.5 (Ar), 97.8 (alkynyl), 88.8 (alkynyl), 72.4 (C1IOH), 20.4 (Me) 
pp m. 
31 P NMR (100.1 MHz, CDCI3): 5 = 53.27 ppm. 
vm.,(CDC!3): 3433, 2057, 2000, 1954 cm-•. 
m/z (FAB): Found (M'- 2 CO), 610.01540; C31H, Co,04P requires 
610.01540. 
C33H23Co20 6P: Found 59.47% C, 3.85% H, requires 59.48% C, 
3.78%H. 
Addition of n-BuLi to Co/Mo aldehyde complex 3 
To a solution of aldehyde 3 (50 mg, 0.12 mmol) in THF (15mL) at 
-78 'C was added n-butyllithium (I mL of a 1.6 M solution in hex-
anes, 1.6 mrnol) the reaction mixture was stirred for 30 min at.-
78 °C and then quenched with ethanol (5 mL). The reaction mixture 
was allowed to wann to r.t. and filtered through a pad of celite and 
silica. The solvent was removed in vacuo to yield the product 4a as 
a red oil (53 mg, 93%). The diastereoisomers could be separated by 
silica gel chromatography using ether-petrol (3: 1). Dark red bands 
were isolated to give the major diastereoisomer (43 mg) and the mi-
nor diastereoisomer (10 m' g). 
Major diastereoisomer: 
'H NMR (250 MHz, CDCI3): 5 = 5.43 (5 H, s), 4.53-4.46 (I H, m), 
2.70 (3 H, s), 1.66-1.20 (7 H, m), 0.95...().82 (3 H, m) ppm. 
13C NMR (100.16 MHz, CDCI3): 5 = 225.4 (CO), 223.8 (CO), 96.6 
(alkynyl), 93.1 (alkynyl), 89.2 (Cp), 74.7 (C1IOH), 38.7 (CH2), 27.7 
(CH,), 21.6 (CH2), 19.6 (CH3), !3.0 (CH3) ppm. 
m/z (FAB): Found (M'- 2 CO) 431.96683, C16H19CoMo04 re-
quires 431.96690. 
V mu (neat): 2044,1974, 1930 cm-•. 
Minor diastereoisomer. 
1H NMR (250 MHz, CDC!3): 5 = 5.47 (5 H, s), 4.81-4.75 (I H, m), 
2.72 (3 H, s), 1.66-!.20 (7 H, m), 0.95-D.82 (3 H, m) ppm. 
13C NMR (100.16 MHz, CDCI3): 5 = 224.5 (CO), 223.9 (CO), 97.5 
(alkynyl), 94.0 (alkynyl), 89.0 (Cp), 74.3 (CHOH), 37.6 (CH2), 27.5 
(C1I,), 21.6 (CH2), 19.4 (C1I3), !3.0 (CH,) ppm. 
mlz (FAB): Found (M' - 2 CO) 431.96628, C18H19CoMo04 re-
quires 43!.96690. 
V mu (neat): 2040, 1972, 1927cm-•. 
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1 Introduction 
This review continues in the series describing developments in 
' stoichiometric transition metals applied to organic synthesis. 
The subdivision of the material is as outlined above, and is in 
common with the previous reviews. 1 As always, the main aim of 
this article is to highlight novel or interesting organometallic 
mediated reactions that have particular relevance to organic 
synthesis. 
2 Transition metal alkyl, alkenyl and allyl complexes in organic 
synthesis 
2.1 Organozirconium-based methodology 
Organozirconium chemistry remains as popular as ever, with 
many notable contributions to the field in the last year. Taguchi 
and eo-workers have utilised acylzirconocene intermediates 
with different substrates. Reaction with enones produces a 
curious "bimodal" reactivity. As shown in Scheme 1, stabilised 
i) u 
MeO G OMe 
NaG_......-
~~He 
Ph frCp2 
Cl~ 
I} Me2CuCNU2 
ii)H0 
Scheme 1 
MeOaCYC02Re 
Ph~H 
(88%} 
0 
Ph~ Me 
(69%) 
carbon nucleophites react in a Michael fashion to produce the 
expected product aldehyde after protonation and loss of the 
zirconocene. However, reaction with cyanocuprates leads to 
direct attack at the carbonyl group and loss of the zirconocene 
to give the ketone product.' Related to this, a palladium· 
mediated coupling of acylzirconocenes with ynones produces a 
relatively mild approach to highly substituted cyclopentenones, 
with good control of regioselectivity. 3 Use of hydrozirconation 
of alkynes for the formation of highly substituted organic 
fragments has been very popular this year. Huang has pub-
lished several papers :relating to the functionalisation of alkynes 
to produce a,P-unsaturated alkenes,• unsaturated thioesters 5 
and stannyl substituted unsaturated aldehydes (Scheme 2)6 A 
X= H orSnPh3 
Cp2Zr(H)CI 
CH2CI2 
CO 
PhSC/ 
C4H9 X 
>=< 
(78%) 
H cocp2ZrCI 
HC\ 
C4H9 SnPh3 
>=< H CHO 
(79%) 
Scheme 2 
related reaction concerning the insertion of alkylzirconocene 
species into alkynes, foJlowed by a second insertion into an 
alkene has been reported by Takahashi (Scheme 3).' In a 
second paper, the same group has also shown that zircon-
acycles can be converted to bimetallic zirconium-copper 
reagents, and the two metal species used to react sequentially 
to differentially substitute the ends of the molecule.• Kasatkin 
and Whitby have continued to expand the field of zirconium 
chemistry relating to carbenoid additions. This year, they 
have inserted metallated epoxy nitrites into organozirc-
onocene chlorides (Scheme 4).9 Related to this, the reaction 
of metallated epoxides produces highly functionalised prod· 
ucts from the convergence of four different reacting partners 
(Scheme 5).10 Other papers have shown that carbenoid inser· 
tion into alkenylzirconocenes provides a convergent synthesis 
of functionalised allylmetallates,11 and produced a short total 
synthesis of galbulin and isogalbulin." The reaction of zir· 
conocene complexes with enol ethers has been used as a way 
to access vinylzirconium derivatives in a stereocontrolled 
rnanner. 13 The reaction occurs irrespective of the geometry of 
the starting material, and the carbon-zirconium bond can be 
quenched with a large range of electrophiles. The copper 
assisted quenching of Zr-C bonds has also been illustrated, 
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producing, in this case, a homoenolate equivalent from a 
dialkoxy allylic zirconium complex. 14 The reaction of zircono-
cyclopentadienes with appropriately substituted benzene rings 
has given rise to a synthesis of benzocycloheptenes.15 Aza-
dienes have been shown to react with zirconocenes via a 
retro-Brook rearrangement.16 Subsequent reaction of the inter-
mediate with electrophiles produces the organic p·roducts, 
as illustrated in Scheme 6. The reduction of tertiary amides 
to aldehydes has been achieved using Schwartz's reagent 
(Scheme 7).17 The reaction is thought to proceed via one of 
OSiMe3 Ph~N~ 
D 0 )-.._ Jl .s;Me3 
Ph N' I 
H D 
(66%) 
i) CP2ZrC12 
2eq. n-BuLi 
THF, -7B"C 
Scheme 6 
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the two pathways illustrated. Pentadienylzirconium complexes 
have been reported and used for the production of substi~ 
tuted dienes. 18 The well-documented zirconium-mediated 
coupling of alkenes is reported to be promoted by a solubil-
ised, substituted zirconium hydride source. 19 Finally, chiral 
zirconium alkoxide complexes have been shown to mediate 
asymmetric Meerwein-Pondorf-Verley cyanation of aldehydes 
(Scheme 8).20 
2.2 Organotitanium-based methodology 
Organotitanium reagents have been employed extensively in 
synthesis in the last year, with Sato continuing his extensive use 
of titanium alkoxides as organometallic precursors. Using ester 
or amide tinkers, the coupling of two alkyne units in an inter-
molecular fashion using titanium alkoxides has provided a 
route to exocyclic dienes (Scheme 9)." Reaction of these with 
dienophiles has allowed the rapid construction of a series of 
bicyclic lactone and lactam structures with a high degree of 
regiocontrol. Intramolecular coupling of alkenes has been used 
by the same group to access carbacyclin in a highly stereo-
controlled manner.21 Related reactions have also been carried 
Ph Ph Zr(OBu')• 
0 Xo OPhx: 
>< ~.. H (1eq.) 0 OH CH2CI2 rt, 30 min Ph Ph )<I" >r(O'Bu)2 o-=:xo Ph Ph 
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~BnNyiMea 
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out to assess the level of diastereocontrol achieved during the 
synthesis of bicyclic titanacyclopentenes from chiral enynes 
(Scheme 10).13 Production of multiple" stereocentres in an 
H Ph 
~ SiMe3 IJ ..... Ti(0-1-Pr)2 
-7B·c 
Scheme 10 
SiMe3 H Ph ~ 
(64%) 86: 14 
I HCI -so·c 
H~(Mea ~ Ti(~-1-Pr)2 . 
+ 
(36%) 
acyclic system has been achieved by the addition of the nucleo-
philic titanium intermediate to aldehydes, ketones and imines.24 
Even more impressively, since the titanium-alkyne complex has 
two metal-carbon bonds, sequential addition of two electro~ 
philes allows differential substitution at the ends of the com-
plex. The same principle of coupling unsaturated units using 
titanium can also be applied to alkenes and alkynes, in an 
intermolecular fashion. As illustrated in Scheme 11, this allows 
a series of diene and trienes to be assembled in one-pot.25 
....;~n-Pr 
(/-Pr0)2Ti""l_ + 
n-Pr 
n-1Pr n-Pr 
-?'yCONEt2- (i-PrO), 
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Et2NOC CONEt2 
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· P;:r·Pr --.- n-Pr 
OH 
I 
Et2NOC 
(75%) >95;5 E:Z 
Scheme 11 
Closely related to this is the use of silylethylene-titanium com· 
plexes which allows the silylethylation of unsaturated com-
pounds.26 Unsymmetrica1Iy substituted acetylenes have been 
prepared from chloroalkynes.27 Takeda has continued using 
vinyl sulfides as precursors to organotitanium species.28 The 
resultant titanium carbene species can then be used to react 
with carbonyl compounds, or to form cyclopropanes by reac-
tions with alkenes (Scheme 12). A closely related reaction has 
C4H9~S1Me3 
C4H9 
(66%) E:Z 89:11 
Scheme 12 
Ph~ 
Ph~SiMe3 
{84%) E:Z 94:6 
been achieved in an intramolecular sense using bis(pheny1-
thio)alkanoates.29 The reaction of titanocene with propargylic 
(prop-2-ynyl) acetates has provided a route towards homoprop-
argylic alcohols.30 The intermediate titanium species is pro-
posed to be an allene type structure, which then rearranges 
·back to the alkyne oq reaction with the electrophile (Scheme 
13). Extension of this to alkynyl ethers has produced a route to 
C4H9 ~OAc C4H9 =< ';=· 
Cp2Ti, 
OAc 
Cp2T1 
lPhCHO 
)( 
(76%) 
Scheme 13 
r-hydroxy esters and y-lactones." The initial alkyne product is 
hydrolysed on work-up to produce the product (Scheme 14). 
Titanium allyl derivatives have been employed in stereoselective 
additions to alkynyl aldehydes." A cyclopentadienyl titanium 
complexed tartrate derivative was used as the source of chir-
ality. An allyl-titanium intermediate has been used in the regie-
selective formation ofalkenes from allylic a1cohols and ethers.33 
Cyclisation reactions using radical methodology mediated by 
a Ti(m) species has been employed in a total synthesis of 
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sesamin.34 Cyclopropanation of carboxylic acids using titanium 
alkoxides has been studied in some detail." The Tebbe reagent 
is well-known for the methylenation of carbonyl deriv-
atives. Recently this has been extended to the methylenation 
of p~lactams.16 An alternative titanium source has been used 
for the deoxygenation of sulfoxides to produce sulfides.37 
Titanium tetraiodide chemoselectively reduces the sulfoxide 
quickly at room temperature in very high yields. Finally, the 
use of titanium tetraisopropoxide as an activating group 
in the organozinc-mediated reduction of aldehydes has been 
reported. 38 
3 Group VI transition metal carbenes in organic synthesis 
Metal carbene chemistry has seen some intense interest this 
year. As usual the most popular types ofcomplex come from 
the chromium, molybdenum, tungsten gtoup. · 
The DOtz annulation reaction is one of the best·known reac· 
tions of chromium carbenes. This year, two groups have used 
modified chromium carbenes where one of the carbon mon-
oxide ligands is replaced by an intramolecularly coordinated 
methoxy group. 311·4-11 Related complexes have been used by 
Merlic in reactions with dipolarophiles. producing a route to 
miinchnones (Scheme 15).41 Cyclophanes have been synthesised 
(C0)5Cr O 
Ph)l)l_Ph 
I Me eo 
or _ 
0 (CO),C\il? Me02C-=-C 2Me 
Ph,-A_N'/'-Ph 
I 
Me02CHC02Me 
_i()-_ 
Ph N Ph 
I 
Me 
(90%) 
Me 
Scheme 15 
by this type of annulation, although some unexpected regie-
chemistry was noted.42 Zhang and Hemdon have reported on 
some related chemistry. Reaction of heteroaromatic substrates 
provides access to pyranone derivatives after reaction with a 
carbene.43 The alkyne inserts into the carbene and produces the 
pyranone, which can undergo a cycloaddition reaction to give a 
benzofuran (Scheme 16). A related use of a tungsten carbene 
has been reported in a two part Diels-Alder reaction (Scheme 
17).-.. Firstly, reaction of an electron-rich alkene gives a Diets-
Alder adduct, which can be isolated. However, further reaction 
of this expels tungsten hexacarbonyl in a retro Diels-Aider 
reaction producing the organic product. Related to Scheme 16, 
dienynes produce benzofuran derivatives. presumably through 
a similar mechanism (Scheme 18)." Another use of chromium 
carbene complexes in dipolar cycloaddition reactions for the 
formation of cyclopentanones has been published by Barluenga.46 
A related reaction with imines allows access to pyrroles in a regie-
and stereo-controlled manner!7 An alkenyl carbene complex 
reacted in good yield when GaCI, was added, although the role 
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of the additive was unclear since other Lewis acid sources were 
less effective. The reaction of carbene complexes with sam-
arium diiodide allows the addition of the carbene function to a 
Michael acceptor. 48 A one electron reduction is proposed to 
give rise to an acyl chromate complex, which adds to electron 
deficient olefins in a 1,4-manner. The formation of lactones 
from chromitun carbenes has been extended to 5· to 7-
membered rings.411 The reaction proceeds with alkynyl alcohols 
under either thermal or ultrasound conditions (Scheme 19). A 
more conventional reaction for a carbene source has been 
reported: the diastereoselective cyclopropanation of simple 
alkenes by Fischer carbenes.50 A range of simple alkenes have 
OMe 
(OC)5cr=\_;oMe 
Mea-{) 
+ 
/OH 
=--t")n 
6, THF 
or))), c6H6 
Scheme 19 
been shown to work in the reaction. The only, perhaps predict-
able, drawback occurred using enynes when the alkyne reacted 
to produce an aromatic ri.ng via a DOtz annulation. The use of 
diphenyl sulfonium salts as alkyl transfer reagents in the prep-
aration ofFischer carbene complexes has been reported.st The 
scheme works for chromium, molybdenum and tungsten corn~ 
plexes. Liu has continued his extensive investigation of tungsten 
carbene complexes as intermediates in natural product syn-
thesis. As shown in Scheme 20, the initial organometallic is a 
BF3•Et20 
OMOM W~ C13H21 CHO 
f \.OMOM 
•w~o 
MOMrf 
W= CpWCO, 
~ MOM %) 
c,3H21 
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c,aHzt 
tungsten alkyne moiety, but the key transformation is the 
generation of the carbene. This scheme provides access to ( + )-blasmycinone and other trisubstituted lactones." Related 
chemistry has also been used as a means of accessing other 
lactone and furan natural products. 53•54 Barluenga and eo~ 
workers have published the reaction of enamines with alkenyl 
Fischer carbenes.s5 Depending on the mode of cyclisation, 
access to bicyclo or tricyclo systems can be achieved. Finally, 
a manganese carbene has been used in a tandem reaction.56 
As shown in Scheme 21, deprotonation of the carbene is 
followed by reaction with an a,p-unsaturated carbonyl com-
pound. The enolate thus formed can be quenched, or reacted 
further in an aldol reaction. Cyclisation onto the carbene 
then occurs. It is then possible to further functionalise by 
another deprotonation, before finally oxidising to reveal a 
lactone. 
4 1] 2~Complexes in organic synthesis 
One of the main areas under study continues to be the use of 
cobalt-complexed propargylic, or Nicholas carbocations. Kira 
i) PhCHO, -BO"C 
iQ NH4CI(aq) 
d 0 Ph 0 i)LDA, d~Ph 0 )'1"~ .... .f -ao•c «n .... .f 
OC CO ~ Ph ii) Mel od bo Ph Ml Ph _. · -sooc 
(92o/.) . (76%) Ph 
j :a~h CH2CI2 
0
-lo--( .. .fo 
)---{ Ph 
Ml Ph 
(91%) 
Scheme 21 
and Isobe have continued their efforts towards the preparation 
of medium sized ring ethers, such as those in the ciguatoxin 
skeleton, via this methodology." As illustrated in Scheme 22, 
(70%) 
Scheme 22 
the Lewis acid mediates formation of the stabilised cation, and 
ring closure through the pendant oxygen. Mukai has extended 
studies relating to the endo cyclisation of epoxy alcohols, again 
mediated by appropriately positioned metal-alkyne com-
plexes. 58 The preparation of unsymmetrical propargylic ethers 
has been controlled using the Nicholas reaction.s9 The unique 
geometry of these metal complexes has allowed the formation 
of seven-membered rings that contain an alkyne unit. Lu and 
Green have utilised the Nicholas methodology in an intra-
molecular fashion (Scheme 23).60 Firstly, reaction of the first 
carbocation with an allylsilane produces a complexed enyne. 
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Then generation of the second carbocation induces electro-
philic capture of the alkene. The resultant carbocation is then 
captured by a halide. Related to this is the selective Nicholas 
reaction on I ,4-diyne complexes.61 Here, enol ethers, allylsilanes 
and aromatic groups are used as nucleophiles and coupled onto 
metal-alkyne complexes. Another method for the formation of 
rings is through ring closing metathesis. Using Grubbs' first 
generation catalyst, reactions proceed smoothly in the seven-
and eight-membered ring cases, but not surprisingly fail in the 
six-ring case, the strain in the ring presumably being just too 
great (Scheme 24)." Another method for the formation of metal 
complexed cycloalkynes has appeared (Scheme 25).63 In a 
~ r=/ (Cy3P)2CI2Ru=CHPh 
~OH . • / 
co2(C0)6 
Scheme 24 
~OAc~) 
TMS . Ca,(CO)o DCM TMS 
(83%) 
Scheme 25 
Q-oH 
Co2(CO)a 
(69%) 
f 0 
ca2(C0)6 
formal [5 + 2] cycloaddition process, the Nicholas reaction is 
used to form the carbon-earbon bond at one end of the alkyne. 
Activation of the allylsilane then allows an intramolecular trap 
to close the ring onto the ketone. The other main use of 
112 complexes is the cycloaddition of diynes and enynes to 
form cyclopentadienones and cyclopentenones. In this man-
ner, Rainier and lmbriglio have used CpCo(CO), to form 
aminocyclopentadienes from dialkynyl amines (Scheme 26).64 
Malacria has reported on the diastereoselective [2 + 2 + 2] 
cyclisation of allene diynes using CpCo(CO),." Using a chiral 
Ts 
~ CpCo(C0)2 
~ h,. 
TMS "'<....TMS 
~0 \~ 
T.fCpCo 
(57%) 
Scheme 26 
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allene allows complete transfer of the chiral information to 
the product. Vollhardt has pioneered the use of this cyclisation 
in natural product chemistry. Continuing this work, a formal 
total synthesis of strychnine has been presented, which 
assembles that tetracyclic core in the key organometallic step 
(Scheme 27).66 Finally, Knolker and Ciimmerer have used a 
CpCo(C2H2), 
C2H2, THF, aoc 
Scheme 27 
(47%) 
related iron-mediated cycJisation and used it in the preparation 
of two alkaloid natural products." 
5 tt3-Complexes in organic synthesis 
Allyl complexes have seen limited use this year. Among the 
more novel reactions in this area, Liebeskind reports on the 
preparation of rt 3-allylmolybdenum complexes and their use 
in multiple carbon-carbon bond forming reactions.68 The 
stereo- and regie-control in the reactions is controlled by the 
molybdenum unit. Further enhancement of this chemistry 
has allowed a formal [5 + 2] cycloaddition to take place 
(Scheme 28).69 The mechanism involves formation of a cationic 
Tp(OC),M'k"YOMe 
(J. 
N 
OAOMe 
+ >=0 
M eO 
!Et2AICI 
0 
Tp(OC)2Mo. OMe 
I'"' 
N 
I ~ A 
C02Me CJ' 
M eO 
(88%), 98% e. e. 
Scheme 28 
,;4-complex after attack on the en one. The enolate thus formed 
then attacks the other end of the complex to re-install an ~· 
system. As mentioned above, Liu has used alkynyl tungsten 
complexes to great effect. The corresponding propargylic 
complexes are also of use, but the key intermediate is the T} 3• 
allyl system produced after reaction with acid.70 This inter-
mediate acts as a nucleophile, attacking a pendant aldehyde, as 
shown in Scheme 29. Ley and Burckhardt have continued the 
use of ferrilactone complexes as a way to natural products. 
Reported this year is a route towards the macrolides a- and 
P-zearalenol.71 In addition, Mukaiyama aldol reaction with 
0 Cl 0 C 
, W(CO), p 
., OEt pW(CO),Na ~
... ,rb:t ····.,,/'y'OEt 
I bEt 
Scheme 29 
~co,Et 
'--'_}-)···oH 
o I 
~0 ~,}-) ..... r 
(47%) 
ferrilactone complexes has been shown to produce a diastereo-
selective reaction equivalent to a 1,7-asymmetric induction 
from the metal chiral centre (Scheme 30). 72 
TMSOTf 
J 
i) PhCHO, BF3•0Et2 
li) HF-py 
0 .. 
J--Fe(CO), 
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(71%) BB% d. e. 
Scheme 30 
6 tt4-Complexes in organic synthesis 
Two noteworthy reviews of iron-diene chemistry have been 
published this year.7l.74 The diastereoselective synthesis of 
remote stereocentres up to nine carbons apart using iron-diene 
chemistry has been used in the preparation of some macrolide 
antibiotics (Scheme 31)." Complexation of the iron carbonyl is 
followed by chain extension of the aldehyde. A stereospecific 
migration of the iron then allows a selective reduction of 
the ketone. The completely diastereoselective complexation of 
iron tricarbonyt to a diene bearing a ketopinoxy group has been 
TBSO ~CHO 
Et Fe(C0)3 
TBSO. ~OH 
Et)-// ~e(CO), \ 
(72%) 
Scheme 31 
reported.76 Cyclobutadiene iron complexes have also seen some 
use this year. Limanto and Snapper have functionalised an 
iron-stabilised cyclobutadiene before decomplexing it to pro-
vide an adduct for an intrainolecular cycloaddition (Scheme 
32). This was then carried on to complete the synthesis of 
asteriscanolide.77 
~C02Me ~Me 
~ LIAIH4 i£?.1 
Fe(CO), - Fe(CO)J 
Me2NCH2NMe2 !f.fcMe 
H3P04, MeC02H 
Fe(CO)J 
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0
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(63%) (50%) 
Scheme 32 
7 tt5 -Complexes in organic synthesis 
115-Complexes are as usual dominated by ferrocene deriv-
atives. The planar chirality of ferrocene continues to attract 
interest. Richards and eo-workers have produced a diastereo-
selective route to C1 symmetric dihaloferrocenes.78 As shown 
in Scheme 33, a directed double deprotonation puts the two 
bromides in place on the separate rings of the ferrocene. 
After this, standard manipulation of the side chains produces 
various substituted ferrocene derivatives. Fu has described the 
preparation of a new type of P,N-bidentate ligand." This 
new phosphaferrocene has been employed as a new type of 
chiral catalyst. New syntheses of a diverse range of ferrocenyl 
substituted arenes and heteroarenes has been reported. 80 As 
shown in Scheme 34, the starting point is the ferrocenyl lac-
tone, which can be derivatised in a number of ways. The 
unique electronic properties of ferrocene have been exploited 
in conjunction with squaric acid to produce a novel series of 
near infrared dyes." The synthetically useful ferrocenyl 
formyl complex has been produced in a new, convenient 
manner by using triethyl orthoformate and aluminium tri-
chloride. 82 This complex has been used in the preparation of 
ethynylferrocene,82 and in the synthesis of P-amino alcohols 
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containing planar chiral ferrocene substituents.83 The reduc-
tive coupling of cinnamyl substituted ferrocenes has given 
rise to a synthesis of [3]ferrocenophanes.84 The anti-malarial 
activity and electrochemical studies of ferrocenyl derived 
quinolines has been reported. 85 Moving away from ferrocene 
complexes, rr'-dienyl systems have also seen some use this 
year. Godula and Donaldson have provided a synthesis of 
cyclopropanes (Scheme 35). 86 Attack on the electrophilic 
dienyl system allows a diverse range of substituents to be 
added before removal of the metal and cyclisation to produce 
the ring. In a related vein, Knolker and Frohner have used 
dienyl-iron methodology in a route to the carbazole alkaloid, 
1-furostifoline (Scheme 36).81 Finally, cyclopentadienyltung-
sten tricarbonyl units have been appended to dendrirneric 
compounds to provide complexes of use as organometallic 
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(72%) 
CAN 
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photonucleases (Scheme 37).88 These have been designed to 
increase the rate of double strand scission. 
8 11'~Complexes in orga"-ic synthesis 
The majority of studies of 116-complexes are, as usual, those 
of chromium. On this note, Gibson and Reddington have 
published a review of the application of chiral bases to the 
deprotonation of chromium-arene complexes. 89 One of the 
major elements of focus in this area is the planar chirality 
imparted by complexation of the metal. In this way, Sarkar and 
eo-workers have been successful in the controlled addition of 
enol silanes to complexed benzaldehydes mediated by scandium 
triftate (Scheme 38)."' Semmelhack and Hilt have deprotonated 
the methyl group of an isodurene complex and functionalised 
this with an oxygen (Scheme 39).91 The advantage of their 
method is that directed bromination of the benzylic position is 
not viable in this case. Desymmetrisation of a meso chromium 
arene by deprotonation with a chiral base has been used as a 
route to substituted anilide complexes.92 Deprotonation directly 
on the ring has been assessed by Gibson and co-workers.93•94 
Remarkably, multiple substitutions onto the complexed arene 
have been achieved and a trianion species has been postulated 
as an intermediate (Scheme 40). Related to these metal-arene 
complexes are those reported by Simpkins." In this paper, 
0 0 ~H~-)J 
EtJN, CH2CI2 
(64%) 
Scheme 37 
/ 
OTMS 
.)-_Me 
j Smol% Sc(OTf)J DCM 
(87%) 
Scheme 38 
bridged chromium-triene complexes were shown to undergo 
regioselective addition with a range of nucleophiles. The 
Cr(CO), unit is also known to stabilise benzylic carbocations. A 
paper this year attempts to quantify this effect, and compare it 
to the better~known Nicholas carbocation.96 The chromium-
arene unit is also subject to nucleophilic attack, producing an 
TJ' -complex. Dudones and Pears on have shown that this can be 
extended to ester enolates and that a borneol derived chiral 
auxiliary can control the stereochemistry of addition (Scheme 
41).97 The other common and useful metal-arene complex<;:s are 
the cationic species formed by cyclopentadienyliron and ben- ' 
zene derivatives. These are of use since the aromatic ring is now 
electron deficient, and therefore subject to nucleophilic attack. 
In this way, replacement of a fluorine substituent by an alkoxy 
group is possible.98 A similar reaction has been employed as a 
means of accessing xanthones and biaryl ethers (Scheme 
42).99•100 A similar reaction has been employed as part of some 
synthetic studies on the DEF ring of ristocetin A, but this time 
using the corresponding ruthenium system, as outlined in 
Scheme 43. 101 
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9 Pauson-Khand reaction 
The Pauson-Khand reaction remains one of the most popular 
metal-mediated reactions. Although it is strictly defined as a 
reaction using a cobalt-alkyne complex to produce a cyclopen-
tenone product, it is now commonly used to encompass all 
organometallic processes that produce these products: The 
majority do still employ the original cobalt-alkyne complexes, 
but there are variations that are useful in certain situations. 
The first intermolecular Pauson-Khand reaction using 7-
azanorbornenes has been reported, and control of regioselec-
tivity has been attributed to the substituents on the alkene.102 A 
popular method for promoting reactions is to tie the reacting 
centres together via a temporary tether. A method for achieving 
this in the Pauson-Khand reaction is to use an N-0 linked 
enyne.103 Krafft continues to be highly productive in this area. 
J. Chem. Soc., Perkin Trans. I, 2002,447-458 455 
;: 
HO~ I 0 
cCOMe 
Cp'F~~ Cl 
i) SOCI2,.; f 
II)MeOH 
r(YMe 
l!;~ CpFe Cl 
1. KMn0-4, H20, 6. 
2.HPF15 
~OH 
CpF~ Cl 
' 
0 
~NEI2 
llAOPh 
(95%) 
{83%) 
i) SOCI2,.; 
11) HNEI2 
(2.2eq.) 
CH2CI2, RT 
~NEI2 U;~~. CpFf Cl PhOH 
(86%) 
Scheme 42 
An "inside-out" eight-membered ring has been synthesised by a 
Pauson-Khand reaction followed by a riyg-closing metathesis. 
This has led to a synthesis of asteriscanollde.104 The same group 
has also illustrated a route to medium sized rings using an 
intramolecular reaction. Interestingly, the conditions for the 
reaction are critical in determining the product that is formed 
(Scheme 44).'" The synthesis of polycycloindoles has been 
achieved in a stereoselective manner.106 High stereoselectivity 
was obtained using the substituents present on the substrate 
(Scheme 45). Another intramolecular reaction has also shown 
dependence on the stereochemistry of the substrate in control~ 
ling the selectivity of the product. Here, bulky silYl ethers are 
used and different reaction conditions were studied.107 Chiral 
auxiliaries attached to the substrate have remained a popular 
means· for inducing stereochemical control. Among these are 
the phosphinoxazoline ligands 108 and a chiral bidentate P,S lig· 
and.'" The same type of cyclisation can also be mediated by 
molybdenum hexacarbonyl. The most common substrates for 
this type of reaction are allenes, and this year Hsung and eo-
workers have used an allenamide to build the precursor and 
then perform a regioselective Pauson-Khand type reaction 
(Scheme 46).110 The stereochemical control of desymmetrised 
his-metallic alkyne complexes has been closely studied this year. 
Kerr and eo~ workers have identified the source of chiral induc-
tion in their phosphine substituted complexes.111 The formation 
of the cyclopentenone was found to proceed around the 
Co(CO), vertex of the complex (Scheme 47). Related to this, 
heterobimetallic complexes where one of the cobalt centres has· 
been replaced with a CpMo(CO), unit have also been shown to 
produce a stereospecific reaction. 112 The enantio-enriched, air-
stable Nicholas carbocation can be substituted with a variety of 
nucleophiles and the complexes then reacted to give the 
cyclopentenone products (Scheme 48). Other methods for pro· 
motion of the reaction have also been introduced. High inten-
sity ultrasound has been shown to improve yields and decrease 
reaction times in the cyclisation. 113 Methyl sulfides have been 
shown previously to promote the reaction, but this year a poly~ 
mer supported variant has been reported.114 An intramolecular 
reaction has provided an interestingly alternative cyclisation 
mode. 115 As shown in Scheme 49, reaction of a trimethylsilyl 
substituted enyne gives the cyclopentene which does not 
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incorporate carbon monoxide into the ring. The reaction 
appears to proceed through a C-H allylic activation and a for-
mal 5-endo-dig cyclisation. The scope of the reaction is cur-
rently under study since some substrates gave the conventional 
Pauson-Khand product. 
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